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PREFACE TO THE SECOND EDITION 

Thb temptation to any author called upon for a second edition must 
always be to bring his book up to date by expanding upon the scheme of 
the first edition and producing a larger book. Being without the leisure 
to undertake extensive rewriting, however, I have had to content my¬ 
self in this issue with providing for essential modifications and with 
fairly extensive references to original sources when dealing with recent 
developments. 

There are two important directions in which the edition of 1931 has 
been brought up to date. The chapter on Detonation has been very 
largely rewritten in the light of recent research, and the section dealing 
with specific heats, dissociation constants, and the calculation of com¬ 
bustion temperatures, although retaining its original form, has been 
entirely revised so far as numerical quantities are concerned. New 
articles have been added oh non-volatile liquid fuels and on their com¬ 
bustion in the compression-ignition engine. 

In the section on the calculation of combustion temperatures I have 
been fortunate in having the generous assistance of Mr. R. W. Fenning>. 
He has carried through the complete set of recalculations based upon 
the most recent work on heat capacities and dissociation constants.^ It 
would have been quite beyond me, in present circumstances, to have 
done this revision myself, and any value the book may have as a 
work of reference in this connexion it owes, therefore, to Mr. Penning, 
and I am indebted to him accordingly. I am indebted to him, also, for 
kindly reading the proofs of the rest of the book and for valuable 
criticisms thereon. -n 


Lokdok, 1937, 



PREFACE TO THE FIRST EDITION 

One may set out to write a book upon the Internal Combustion 
Engine from one of two points of view. The aim may be chiefly to set 
down the principles which underlie the design and operation of the 
engine, or to supply information upon a host of details which the 
practising designer must have at call. The two aims do not combine 
well in the same book, and the author who attempts to achieve com¬ 
pleteness in both is likely to succeed in neither. 

I have approached the subject from the first point of view and in 
this first volume have mentioned details of design only when they in¬ 
fluence or illustrate principles. The book is therefcne primarily for the 
student, and for the engineer before he has become immersed in all the 
intricacies of manufacture; in the use and behaviour of special materials; 
in clearances and tolerances; and in the all-governing question of the 
cost of production. 

Although dealing with principles rather than practice, the book aims, 
nevertheless, at giving the groundwork of a practical knowledge of the 
subject.' In order to keep the length within reasonable limits I have 
included only so much basic theory as seemed to me essential to the 
subsequent handling of the practical problems. For a fuller treatment 
of the theoretical side of the subject the reader should consult Ewing’s 
Thermodynamics for Engineers, and work on from that to the fuller 
tmatises on thermodynamics. 

No one could write nowadays on the internal combustion engine 
without drawing largely upon the work of Mr. H. R. Ricardo, F.R.S. 
I have been fortunate in being closely in touch with him and his work 
for many years, and however frequently his name niay occur in this 
book, that can by no means represent my full indebtedness to him. I 
am indebte4 also to Mr. H. T. Tizard, C.B., F.R.S., for many sugges¬ 
tions at various stages during the prcgress of the book, and to Dri A. F. 
Burstall for kindly reading the proofs and malting many valual^ 
criticisms. 

. In a later volume I hope to deal with some of the Speoiiti pambfefns 
of tiie aero-engine, in so fiur as these involve general Slid 

also with the general problem of engine eooling by ^ or liqukt^ as it 

suises in its most acute form in the snporoharged mmina* 

' ' r a . ■ vi>.'R.F. 

loirooir; 1931. 
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UNITS AND SYMBOLS USED IN THIS BOOK 


V represent volume in cubic feet. 

P „ pressure in pounds per square foot. 

t „ temperature in degrees centigrade. 

T „ „ „ absolute. 

T =« ^+273. 

B.H.P. represents Brake Horse-Power. 

I.H.P. „ Indicated Horse-Power. 

B.M.E.P. „ Brake Mean Effective Pressure. 

I.M.E.P. „ Indicated Mean Effective Pressure. 

The centigrade temperature scale will be used throughout. 

The unit of heat will be the ‘pound-degree-centigrade* or Centigrade Heat 
Unit (C.H.U.). This is defined as the quantity of heat necessary to warm 
one pound of pure water through 1® C., from 14® to 15® C. 

The unit of work, or energy, will be the foot-pound. 

Joule’s equivalent will be represented by J and has the value 1,400 with the 
other units adopted, so that 

1 C.H.U. = J foot-pounds = 1,400 ft.-lb. 

The unit quantity of a gas will be either one Standard Cubic Foot (S.C.F.), 
that is, the quantity which occupies 1 cubic foot at N.T.P., or one Mol. 

When dealing with the specific heats of gases, these will be expressed in terms 
of foot-poimds per S.C.F., or, from time to time when convenient, in C.H.U. 
per S.C.F. and C.H.U. per mol. 

One Pound-Molecule, or Mol, of a gas is that quantity which occupies a 
volume of 359 cubic feet at N.T.P. and has a weight equal to the molecular 
weight of the gas. (See art. 4.) 



I 

INTRODUCTORY 


Abt. 1. The efficiency of heat engines 

All heat engines which are to act as prime movers consist of certain 
rigid parts which go through regular cycles of movement, and, associ¬ 
ated with them, a gaseous ‘working substance’ which constantly 
becomes used up aiid has to be renewed. It is the function of the 
heat engine to produce mechanical effort by the conversion of heat 
into work; and it is the part of the working substance to be the vehicle 
by which heat is taken into the engine at certain points of its cycle of 
operations, and rejected at others. The heat which the engine has 
been unable to convert into work is rejected in the expelled working 
substance, of which the usefulness is over, and the fraction of the whole 
heat energy supplied with the working substance which has been con¬ 
verted to its equivalent work is the thermal efficiency of the heat engine. 

The heat supply is derived as a rule from the combustion of fuel, 
and, since the fuel has to be bought, the price to be paid for our motive 
power will depend upon what fraction of the fuel heat, be it from gas, 
petrol, or coal, is recoverable as power at the crankshaft or turbine 
rotor, that is to say upon the overall thermal efficiency of the power 
plant. 

It will be assumed in this book that the reader is familiar with the 
elements of thermodynamics, and in particular with Carnot’s demon¬ 
stration that the efficiency of the heat engine depends upon the range 
of tmnperature through which the working substance can be cooled 
during a cycle of operations. In Carnot’s imagined engine all the heat 
is received by the working substance at a single high temi^)erature 
7*1 sbsolate, and all the heat that is rejected is. rejected at a single 
low temperature 7,. Carnot shows that these conditions are necessary 
to get t^ greatest possible efficiency, and that when they are fulfilled 
the highest efficiency which any imagined engine working between these 
temperstmes could possibly achieve is given by the fraction 

T^-T, 

the conditions for Carnot's ideal can never be fulfilled in 
eetual efficiencies are in consequence well below that of 




2 INTRODUCTORY (L I 

the Carnot engine for the same highest and lowest temperatures, yet 
the importance of a wide temperature range, as foreshadowed by the 
Carnot analysis, is fully confirmed in practice. 

It is of some interest to compare the internal combustion engine, 
from this point of view, with heat engines employing steam as the 
working substance. We shall see that combustion of the fuel actually 
within the engine cylinder allows of a much wider range between the 
highest and lowest temperatures in our heat engine, and we can 
anticipate, therefore, a higher efficiency in the conversion of the fuel 
heat into mechanical energy. 

Steam-using engines are handicapped, in the first place, by the 
fact that all heat has to be got into the steam through metal walls 
capable of withstanding high pressures. Until recently this limited 
maximum steam temperatures to about 300^ C., and although materials 
have improved very much of late in regard to maintenance of strength 
at high temperatures, so that a steam pressure of 1,900 lb. per sq. inch 
is now contemplated in conjunction with a temperature of 500® C., as 
an upper limit of temperature this is yet about two thousand degrees 
below what the internal combustion engine is accustomed to. Here 
neither temperature nor pressure become high until the working sub¬ 
stance is inside the engine cylinder, and heat is then generated with 
practically no loss, in the very body of the gas to be heated. The only 
limits to the maximum temperature are the quantity of heat which 
combustion of all the oxygen present can generate, and the specific 
heat of the gases to be heated. The actual limit imposed by these 
factors is about 2,800® C. 

So far as in the Carnot formula is concerned, therefore, the internal 
combustion engine is at a very great advantage. There may appear 
at first sight to be no reason why the lower limit of temperature should 
not be the same for both, namely, the average temperature of the 
surroundings of the engine. The steam turbine, with its high vacuum 
condenser at a temperature of 40® C., does in fact succeed in expanding 
its working substance almost down to the temperature of its surround¬ 
ings. Any one who has stood near the exhaust pipe of a high duty 
internal combustion engine must have been struck with the contrast. 
The working substance roars out at a temperature of the order of 
1,000® C., carrying with it a great amount of heat to sheer waste. 
Many attempts have been made to utilixe some of the beat in the 
exhaust gases, and so to cool them below the minimum temperature 
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which is practically possible by simple expansion. These attempts have 
been on the whole unsuccessful hitherto, and we may take 600° C. as 
about the lowest temperature attainable for the exhaust gas under full 
load conditions, in an internal combustion engine, when expansion is 
carried out in a single cylinder. Lower temperatures might be reached 
if the expansion of the working substance were extended by doing it in 
two stages, first in a high- and then in a low-pressure cylinder. The 
high average temperatuies, however, of the internal combustion cycle 
impose very strict limitations upon what can be done with the working 
substance. Transference from one cylinder to another, of gases at 
temperatures over 1,000° C., is a very different problem from that of 
doing'the same with steam at 150° C. It is a primary necessity, when 
high gas temperatures are to be associated with a moving, and there¬ 
fore lubricated, mechanism, to retain the greatest possible simplicity 
of mechanical arrangement. There have been very many attempts to 
obtain improved thermal efiiciencies which have failed, through an 
omission to keep the relentless need for mechanical simplicity as a 
guiding principle. Compound expansion is certainly a possibility for 
the internal combustion engine, but hitherto it cannot be said that any 
design has shown much promise of combining the improved efficiency 
which it seeks, with the reliability which it cannot do without. 

If we compare, then, the ranges of temperature available in the 
internal combustion cycle as it is to-day, with that in the most modern 
steam turbine plants, using a high vacuum condenser, we have 


in the internal combustion engine . 
in the steam turbine 

The corresponding Carnot efficiencies are: 

for the intenud combustion engine 
for the steam turbine . 


Ti = 3078 abs. 
^ 2 = 773 „ 
773 „ 
T2= 313 „ 

76 per cent. 


This last efficiency, moreovm', applies only to the turbine itself. 
IVom even the most efficient boilers not more than 65 per cent, of the 
fiiel heat reaches the turbine in the steam, and the overall efficiency of 
the plMit will be only the product of those for turbine and boiler 
a^MUEtttely. 

The highest brake thermal efficiencies achieved in practical working 
up to the.present day ate, for a turbine, 33-8 per cent., and for an 
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internal combustion engine at its full load output 40 per cent. As 
pointed out above, however, it is the overall efficiency of the turbine 
power plant, namely 33-8 x 0*85 = 28-7 per cent., which gives a figure 
directly comparable with the brake thermal efficiency of the internal 
combustion engine, where the whole process of power production is 
completed within the boundaries of the engine itself, from the chemically 
stored energy of the fuel to the turning effort available at the shaft. 

A low consumption of fuel per shaft horse-power, of course, is only 
one of the important factors in the economics of power production. 
The cost of the fuel and the first cost of the plant, besides repairs and 
labour, have all to be considered, and in fairness to the steam turbine 
it must be admitted that the cost per ton of the fuel which it consumes 
is not more than about one-fifth of that of the fuels suitable for burning 
in the internal combustion engine, with their necessary purification 
to avoid leaving any ash, or other undesirable residual products. 
Furthermore, the internal combustion engine is complicated when com¬ 
pared with the steam turbine, which is about the simplest possible 
j}iece of mechanism, with its one, perfectly balanced, rotor. And the 
turbine can be built, too, in units up to 50,000 horse-power without 
introducing problems of design much more difficult to deal with than 
in units of small size; whereas the thermal and lubrication problems 
of the internal combustion engine increase very seriously in the larger 
sizes. 

For large power plants where ample floor space is available and 
the load is a fairly regular one, the internal combustion engine will 
not be able to compete with the steam turbine for many years to 
come. Its field of usefulness is rather for the smaller stationary, and 
the mobile, power unit, of which frequent stopping and restarting is 
required, and from which a large output of power is demandedi com* 
bined with a limitation upon space and weight. 

Art. 2. The working substance 

A study of the working substance of the internal combustion eogine 
is concerned only with the gaseous and liquid phases of matter, and 
of these chiefly with the former. It is true that attempts have hem 
made to bum pulverized solid fuel in an engine cylinder, but ^he ptor 
jeict has not reached a point when it is of praetioal imp^taiiee* We 
shall deal from time to time with the behaviour of su^t^oti as iii^ 
change from the liquid to the gaseous |diase, but 
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shall be concerned with substances so far removed from the liquid 
state that they behave like the permanent gases. 

In either turbine or piston engine the working substance goes 
through a series of changes of pressure and volume, during which it 
becomes cooled, and, in the process, imparts mechanical effort to the 
moving parts of the machine. When it is steam, the working substance 
remains chemically the same throughout all stages as it passes through 
the machine, although it changes from the physical state of superheat, 
when it approximates in behaviour to a perfect gas, to the state of a 
partially condensed vapour. The mixture of gases which compose the 
working substance of an internal combustion engine, on the other 
hand, remain throughout far removed from the state of vapour, but, 
unlike steam, they do not remain chemically the same throughout a 
cycle of the engine. The air and fuel taken into the cylinder become, 
after combustion, nitrogen and the products of the chemical reactions 
involved in the burning of the fuel. Broadly speaking, the combustibles 
are carbon and hydrogen, and about one-quarter of the cylinder con¬ 
tents by weight, after combustion, consists of carbon dioxide (COg) 
and water vapour (HgO). The latter is, of course, well above its critical 
temperature, and behaves like a permanent gas. During combustion 
there is in general a change in the total number of reacting molecules 
present. This has to be taken into account in engine calculations and 
may be as much as 5 per cent, of the total, and either positive or 
negative, according to the chemical nature of the fuel. 

The fact that the internal combustion engine does not, like the 
steam engine, have to carry a complete supply of its working substance 
with it, but picks up by far the greater part of it from its surroundings 
and only has to carry with it to ^ of the total weight in the form of 
fuel, is of the highest importance in aircraft where a minimum weight 
of the power plant, and of its supplies, is essential. 

Art. 3. The idea of a perfect gas 

Iii making calculations about the behaviour of the real gases, it is 
convenient to imagine a gas which conforms exactly to certain laws 
which are only veiy nearly true of the actual gases we are dealing with. 
This ideal type of gas, about which it is justifiable to make exact 
calculations, we call a ^perfect’ gas. The common gases, hydrogen, 
oxygen, nitrogen, while very nearly identical in behaviour with the 
^ gas, all show sl%ht deviations at ordinaiy temperatures; and 
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these deviafcionB become more and more pronounced at very, low 
teipperatures and very high pressures, as an approach is made towards 
the conditions at which liquefaction wo\ild take place. 

The pressure, volume, and temperature relationships of a perfect 
gas which conforms to the laws of Boyle and Charles are summarized 
in the well-known formula py _ pp /jj 


in which Bis a constant. The numerical value of this constant depends 
upon the molecular weight of the particular gas in question, and upon 
the quantity of gas of which the volume is represented by V. 

According to Avogadro’s principle, equal volumes of all gases at 
N.T.P. contain equal numbers of molecules. It follows that if we have 
a series of quantities of different gases, each quantity having a weight 
in pounds equal to the molecular weight of the gas, then each of these 
quantities will comprise the same number of molecules and will occupy 
the same volume. For example, 2 lb. of hydrogen, 32 lb. of oxygen, 
and 28 lb. of nitrogen will each occupy the same volume; and this 


volume at N.T.P. is found to be 369 cubic feet. The average molecular 
weight of air, which is almost entirely composed of oxygen and nitrogen 
in the proportion 1:3-76,f is 28*96, and this number of pounds of air 
at N.T.P. will, therefore, also occupy 369 cubic feet. 

If, now, the volume F in the equation PV = BT be taken alwa 3 nB as 
the volume in cubic feet of 1 lb. of dry gas, we can calculate the value 
of B for 1 lb. of air by putting in the appropriate numerical values, as 


follows: 


14*7 X144 X 


^9 

28*96 


JJ.273, 


whence B = 

273X28*96 ’ 

and the equation PV — 962’ (2) 

can be used to determine the state of 1 lb. of dry air, assuming it to 
behave like a perfect gas, when any two of the conditions P, V, and 
T are known. In this equation it miut always be remembered that 
the units ate pbunds,.feet, and degrees centigrade abaolvie. 

In ordw to derive the appropriate equation for any other gas it .fe 
oohvmuent to have equation (1) in ti»e more general form 


PV 



( 8 ) 


•t Mow exMtbr, Kajre and Lab]r> th* porcontagw fey vtdumo i|W; wnwm 

21*0, B^Kigen 78*08, aitgon 0*08, iNurbon dioxido 0*03 id 0*3, and tiMM ^ raw gfW , 
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in which (? is a constant having the value 2779, using the same units, 
and m is the molecular weight of the gas. The constant (7, having the 
same value whatever gas is represented, is known as the ‘Universal 
Gas Constant*, and in order to derive the value of M for any particular 
gas, this universal constant must be divided by its molecular weight. 
Thus for air: 



m 


2779 

28*95 


= 96*0. 


W 


The constant R represents a certain quantity of ‘energy per unit 
mass* corresponding to a certain change of temperature, and the 
units in which it is measured are ‘foot-pounds per pound per degree 
centigrade*. This can easily be seen if one imagines 1 lb. of air to be 
contained in a cylinder and heated, while at constant pressure 
from to so that it expands from Fj to 

It will then do a number, of foot-pounds of work equal to 


by equation (1), and it follows that if the heating had been such that 
the rise of temperature (Tg—Tj) was just 1° C., then the work done, 
Pj(P^—P^), would have been equal to B. The constant R in equation 
(1) therefore expresses the work done in foot-pounds by 1 lb. of air 
while heated through 1° C. under constant pressure conditions. 

The constant O is also expressed in foot-pounds per degree centi¬ 
grade, but refers to a different quantity of gas. If equation (3) above 
be written 


P(mV) = OT, 


(3 a) 


it becomes clear that O expresses the work done in foot-pounds by 
m pounds of gas while being heated through 1° C., just as j? in equation 
(1) expressed the same thing for one pound. The unit of quantity 
where O is concerned is therefore that same quantity as was mentioned 
earlier, which has a weight in poimds equal to the molecular weight, 
and a volume at N.T.P. equal to 359 cubic feet. This unit of quantity 
is of so much importance that it deserves a short article to itself. 


Abt. 4. The pound-molecule or mol. 

There is a unit of quantity for gases known as the ‘gram-molecule’ 
which is familiar to all those who employ the C.6.S. system of units. 
This unit of quantity has a weight in grammes equal to the molecular 
weight, and a volume at N.T.P. of 22,412 cubic centimetres. Its equi- 
Tii^t in British units is that quantity, introduced in the last artide, 
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which has a weight in pounds equal to the molecular weight and a 
volume at N.T.P, of 359 cubic feet. 

It will be important to get a really clear and concrete idea of this 
unit of quantity of a gas, and it is helpful, in doing so, to think of it 
as being roughly a 7-foot cube when at N.T.P. This 7-foot cube (really 
369 cubic feet), Jiy Avogadro’s principle, will always contain the same 
number of molecules whatever the gas, and will weigh 2, 32, 28, etc, 
pounds, according to whether the gas is hydrogen, oxygen, nitrogen, or 
whatever. This unit of quantity, the pound-molecule, will be called, 
for brevity, the *mol.’. 

Reverting for a moment to equation (3 a) of the last article, we see 
that {mV) represents the volume of 1 mol. of the gas at any tempera¬ 
ture T and pressure P, and an equation PV - - OT is therefore the 
equation of state of any gas when the unit of quantity is the mol., 
just as PF = BT was the equation when 1 lb. wae involved. But 
whereas R would be diflFerent for 1 lb. of each gas, according to its 
molecular weight, the constant G is the same for all gases. In PF = BT 
the quantity of gas involved has always the same weight but various 
volumes at N.T.P. In PF = OT it has always the same volume at 
N.T.P. but various weights. 

The numerical value of <?, as given in the last article, is 2,779 ft.-lb. 
per mol. per C. In C.G.S. units its value is 84,750 gram-centimetres 
or 1*985 gram-calories per gram-molecule per 1° C. It should be noted 
also that the same figure, 1*985, expresses O in C.H.U. per pound 
molecule. It is useful to remember that all figures for heat quantities 
in C.H.U. i>er mol. in British units are numerically the same as in 
C.G.S. units. 


Art. 5. The apecific heats of a gas 

When unit mass of any substance has its temper-ature raised by 
V C., a certain amount of heat is required; but the magnitude of the 
amount will depend upon other conditions apart from the rise of 
temperature. In particular, when it is a gas that is being heated, the 
amount of heat required to raise the temperature 1° C. will be greater, 
when the gas is heated under conditions so that it can expand while 
the pressure is maintained constant, than when it is contained in a 
clos^ vessel at constant volume. 

We iriian be concerned, in practical calculations, with the heating 
and cooling of gases under Conditions in which neither iih# 
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nor the volume remain constant, but to enable us to deal with this more 
complicated case it is necessary to consider first the two special cases 
of heating at constant volume and constant pressure. 

When 1 lb. of gas is heated at constant volume from to jTg, all 
the heat communicated to it must go to increase the stock of internal 
energy in the gas, and if we use the symbol for the specific heat 
under these conditions, then 

lieat communicated = increase of internal energy 

- K,(T^-T,) C.H.U. (5) 

When heated under conditions of constant pressure P, the gas will 
expand, say from to and in so doing will have to do external work 
(e.g. in pushing a piston out) equal to P{V^,—V^) ft.-lb. If an equivalent 
amount of heat were not being communicated from outside, this 
external work could only be done by drawing upon some of the internal 
energy in the pound of gas. Under the conditions of the imagined 
experiment, therefore, in which the temi>erature is to be raised from 
Tx to iZj, and at the same time external work PiY^-^Vi) has to be done, 
the amount of heat to be added, if is the specific heat under these 
conditions, must be 

Kp{T^-Tx) = increase of internal energy 

+heat equivalent of external work done 

^ ( 6 ) 

In this equation the last term represents the external work done 
expressed in heat units. The increase of internal energy which, by 
Joule’s Law, to be discussed in the next article, is always the same for 
the same rise of temperature, is represented in equation (6) by the 
same expression as it was in equation (5) when the heat was added to 
a quantity of gas contained in a vessel of constant volume. 

Since, by equation (1), 

- j(n-Jl). 

it fidowB Uiat Kp—K„ == (7) 

wludi relates the difference between the two spedfio heats of any 
gas to, the oonstantin the equation, of state; and this, it will be 

lepeinhcBced^ is the universal, gas oonstfuat divided by the molecular 
wins ' ’ 
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weight m of the particular gas. When the mol. is the unit of quantity, 
and specific heats are expressed in C.H.U. per mol. per degree centi¬ 
grade, then 


The ratio of the two specific heats KJK^ is a quantity of great im¬ 
portance in thermodynamics, and is denoted by the symbol y. 

A further simple relationship which follows at once is 


When we are dealing with 1 lb. of air at ordinary temperature, the 
values of A,, and are found by experiment to be 

K,, - 0-2413 C.H.U. per lb., or 27-24 ft.-lb. per S.C.P. 
a; = 0-1727 „ „ „ „ 19-50 „ 


The ratio y for air is therefore 1-396, and the difference — K„ which 
equals 0-0686 C.H.U. per lb., corresponds with the values JS = 96-0 
and J 1400. 

In engine calculations it is usually more convenient to work with 
units of volume rather than mass, and to take, therefore, the standard 
cubic foot or the mol. as the unit of quantity. It is customary then 
to sjieak of Volumetric heat’ rather than specific heat, and to express 
this either as C.H.U. per mol. or ft.-lb. per S.C.F. The values for air 
given above when expressed as C.H.U. per mol. become 

6.995 


a;, = 5-01 
G _ 2779 

J,K,, "" 1400x5-01 


== 0-396. 


Art. 6. Internal energy. Joule’s Law 

According to the First Law of Thermodynamics ‘when mechanical 
energy is produced from heat a definite quantity of heat goes out of 
existence for every unit of work done; and, conversely, when heat is 
produced by the expenditure of mechanical energy the same definite 
quantity of heat comes into existence for every unit of work spent’. 

When the hot w’orking substance expands in an engine cylinder and 
does work in pushing the piston out, it follows from the above law that 
a corresiKmding amount of heat energy must have gone out of existence. 
If we supi^ose for the moment that there has been no intj^rcliai^ of 
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heat with the cylinder walls, it follows that the heat which has dis¬ 
appeared must have been drawn from the stock of heat energy which 
was inherent in the working substance before expansion began; in 
other words from its internal energy. 

Any quantity of gas in a definite state has a definite quantity of 
internal energy associated with it. There is no way of assessing the 
total stock of energy contained by a gas, but we shall see later that 
the amount of it depends only upon the temperature, and we shall 
therefore be on safe ground in choosing an arbitrary zero and saying 
that the stock of internal energy of a gas is the amount over and above 
what it contains at 0® C. 

The gas might have been losing or gaining heat through the cylinder 
walls while the expansion was going on, and in that case the loss of 
internal energy would have been the algebraic sum of the work done 
and this external loss or gain. 

In writing down the equation which expresses the energy balance 
in symbols it is customary to make the symbols represent a gain of 
heat from the walls and a gain of internal energy. We then have 
Heat received by the working substance 

= Heat equivalent of work done by the piston 

+gain of internal energy. 

If these three quantities are represented by the symbols Q, W, and E, 
then for a small movement of the piston during which an amount of 
external work dW is done, the energy equation will be 

dQ=~J + dE (9) 

which equation is the expression in symbols of the First Law of Thermo¬ 
dynamics, enunciated at the beginning of this article. 

For adiabatic expansion dQ = 0, and therefore 

= -dE (10) 

t/ 

which expresses the fact stated above, that when there is no heat inter¬ 
change with the cylinder walls the amount of external work dope by 
the expanding gas is equal to the loss of internal energy which it suffers. 

According to Joule’s Law of Internal Energy: ‘The internal energy 
of a givmi quantity of a gas depends only ujKjn its temperature.’ 

^nce phessure, volume, and temfierature completely define the state 
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of a quantity of gas, the only other factors upon which the intemal 
energy couUL depend are the pressure and volume. Joule, in his well- 
known experiment, allowed a gas to change its pressure and volume in 
such a way that it did no external work and neither received nor gave 
out heat; and in consequence could not have changed its stock of 
internal energy. It was found that in these circumstances its tempera¬ 
ture, after things had settled down, had not changed. The inevitable 
conclusion is that there is a certain temperature which is always 
associated with a certain stock of internal energy, and that the energy 
cannot be altered, no matter what changes of pressure or volume take 
place, unless the temperature is altered. In other words, the intemal 
energy depends upon the temperature, and upon nothing else. 

The temperature of a gas on the kinetic theory is defined in terms of 
the speed of the individual molecules, and the physical interpretation 
of Joule’s law is that all the internal energy which a gas in a definite 
state possesses, it holds in virtue of the independent movements of its 
molecules, and that no part is associated with mutual forces between 
the molecules and therefore with their average distance apart. 

As with the other gas laws, there is a slight departure from Joule’s 
Law on the part of all the real gases, and it can only be taken as being 
strictly true for the imaginary perfect gas which conforms to the laws 
of Boyle and Charles. The departures of real gases from Joule’s Law 
are not important in internal combustion engine theory, but the 
amounts of these departures, which are defined by what is called the 
Joule-Thomson effect, are very valuable as a means of exact investi¬ 
gation of the properties of the real gases. 

Art. 7. The representation of pressure-volume changes 

It is not proposed to deal fully in this book with all the various con¬ 
ditions under which a gas may change its state, nor with the equations 
and diagrams representing these changes, but only to summarise the 
more important formulae and results and to assume that the reader 
is already familiar with the jiroofs, which are given in all text-books 
on heat. 

We have first the equation 

pr==i?r, 

already given in art. 3, which represents with sufficient accuracy the 
relationship between the pressure, volume, and absolute temperature 
a given quantity of aity of the gases with which we shall be oonoemed.' 
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Whenever the pressure and volume of a given quantity of gas are 
altered by compression or expansion in an engine cylinder, and whether 
the gas be gaining or losing heat while the change takes place, it is 
found that the pressure and volume are related by an equation of the 
form py„ ^ 

Such a relationship between P and V is shown plotted as the full line 
on the diagram, fig. 1. When such a pressure-volume change takes 



Fig. 1. Various forms of expansion curves. 


place in a cylinder against a moving piston, the work done by the 
expanding gas (or upon it, if the change be a compression) is repre¬ 
sented by the shaded area under the curve, and in symbols is equal to 

f PdF = (12) 

J »—1 

r. 

The value of the constant n depends upon two things: (1) the specific 
heats of the gas of which the pressure and volume are changing, and 
(2) whether the gas is gaining or losing heat by conduction through the 
cylinder walls diuring the change. The numerical values to be given to 
n for practical engine calculations are fully considered in art. 11. 
There are, however, two special conditions known as ‘isothermal’ and 
‘adiabatic’ oxpansion or compression, which are of great theoretical 
importance, although no complete pressure-volume change in an actual 
engine conforms, even approximately, to either condition. Durii^ an 
isothermal change n — 1, and for an adiabatic change n — y, where y 
is ratio of the specific heats of the gas at constant pressure and 
eonstant vcdume. (Sm art. 5.) 
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The expressions for the work done during a change from to 
under these two special conditions are: 

Isothermal expansion : 

Vt 


work done 


=j 


PdV= RTi 


r, 

r ^ 

J V 


«7\log. 


S 

Vy 


(13) 


S 




(14) 


Adiabatic expansion: 
work done = 

y-l y-1 

It will be observed that in the particular case of isothermal (or 
*equal temperature’) expansion, the specific heats of .the expanding 
gas do not affect the relation between P and F, nor the work done. 
In adiabatic expansion w = y, and y will be smaller the higher the 
specific heats of the expanding gas. It will be seen from fig. 1 that 
the smaller the value of n (or y, if it is an adiabatic expansion) the 
flatter is the expansion curve. This indicates that during an adia¬ 
batic expansion a gas of high specific heat will, for a given change of 
volume and when expanding from the same initial pressure, do more 
work than one of low specific heat and will be at a higher tempera¬ 
ture at the end. In other words, a given loss of internal energy involves 
less drop of temperature and pressure. During an isothermal expansion 
there is no change of internal energy, and heat has to be supplied 
from some external source of an amount equivalent to the work done, 
that IS TT 

The pressure, volume, and temperature relationships during an adia¬ 
batic expansion may be given here for convenience in alternative 

forms, as foUows : PFx = constant (16) 

= „ (16) 


rpV = (17) 

It may be useful, also, to summarize the formulae expressing the 
eamgy quantities in the Carnot cycle, as follows: 

Hrat received hy the working substance at log,r ft.-lb.,* 

„ rejected „ \, „ „ P* = „ ; 

W<wk done during the cyple ss ft.-lb.; 

where r represents the raiao of isothmnal ctunpression an4 expansion. 
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It follows that the efficiency of the cycle is given by the ratio 

• 

Art. 8. The variation of the specific heats of gases 

Calculations in connexion with internal combustion engines centre 
round the changes of temperature and pressure of the working sub¬ 
stance while it gains or loses heat and is compressed or expanded. 
These calculations are much complicated by the fact that the specific 
heats of the gases employed vary considerably with temperature. They 
vary also, but to an unimportant extent, with the pressure. 

In engine calculations we are directly conoemed, not so much with 
specific heats, as with the closely related, quantity of internal energy; 
and it is of some importance to become thoroughly familiar with the 
conception of a certain definite quantity of internal energy being 
always associated with any given quantity of a gas at any one tempera¬ 
ture ; the quantity being always the same at* the same temperature, 
however the specific heats may vary, except for the slight deviations 
from Joule’s Law. If the specific heat were the same at all tempera¬ 
tures, then the internal energy would be proportional to the tempera¬ 
ture measured from the arbitrary zero of 0° C. Actually increases at 
high temperatures so that the internal energy and temperature are related 
by a curve, as in fig. 13, but it must 1^ emphasized that although internal 
energy is by no means proportional to temperature for the real gases, this 
does not mean that they do not very closely conform to Joule’s Law, 
which only states that at any given temperature the internal energy per 
pound will always be the same whatever the volume and pressure may be. 

When a quantity of gas is heated at constant volume the gain of 
internal energy may take the form of an increase of kinetic eneigy of 
translation, or rotation, of the molecules as a whole; or, where there 
is more than one atom, of internal vibration of the atoms within the 
molecule. In monatomic gases, such as argon and helium, only energy 
of translation is possible, and it can be deduced firom the kinetic theory 
of gases that when molecular energy is confined to energy of translation, 
the ratio of the specific heats, y, should be 1*667. The value found 
eifperimentally for these monatomic gases is in fijct almost exactly 
this, while for diatomic gases, such as nitrogen and oxygen, the ratio 
18 . 1^0 found to agree closely with its theoretical value of 1*40. This 
latter value is deduced from the suppbsitipn that such a diatomic 



16 


INTRODUCTORY 


[1.8 


molecule may be pictured as equivalent to a dynamic system consisting 
of two small masses connected by a light bond. If we imagine this bond 
as being capable of slight elastic extension, so that when in violent motion 
some intra-mol^cular vibration is possible, this enables us to account 
for the slight rise of specific heat of the diatomic gases with tempera¬ 
ture, by supposing that the increase of internal energy associated with 
a 1®C. rise of temperature becomes greater at high temperatures 
because an appreciable amount of energy is absorbed by this intra¬ 
molecular vibration. It is of interest that the monatomic gases, for 
which intra-molecular vibration is impossible, exhibit no appreciable 
rise of specific heat with temperature. 

From a corresponding but more complicated dynamic equivalent 
for molecules with more than two atoms, it can be deduced that gases 
with these larger molecules should exhibit a ratio of Bpecitic heats of 
1*33. The measured value of y for the triatoniic gases with which we 
are concerned, COg and HjO, is rather less than this, on account of the 
vibratory energy of the component atoms being appreciable even at 
ordinary temperatures; with the result that the specific heats are 
higher than if an increase of internal energy contributed only to an 
increase of movement of the molecule as a whole. 

The complex structure of the atom as now conceived, with its positive 
nucleus and attendant electrons, cannot, of course, be fully represented 
by any mechanical model; but it is still allowable, nevertheless, to 
discuss the energy of atoms and molecules as has been done above in 
terms of dynamic equivalents. An almost complete explanation of the 
observed relationship between temperature and energy in gas molecules 
of difierent types has been provided by Planck’s Quantum Theory, and 
by means of it numerical values of the specific heats of gases can be related 
to the emission and absorption bands observed when the gases are 
examined spectroscopically. Of recent years it has become generally 
accepted that the specific heat values for gases at high temperatures cal¬ 
culated from Planck’s theory and based on spectroscopic observations 
can be relied upon as substantially accurate for engineering purposes. 

For a vei:y clear and interesting discussion of gaseous speoiflc lieatB 
in the light of the kinetic theory, the reader is referred to Swing’s 
Thermodpmmics for Engineers^ ch. vii (2nd edition). A dbeussion of 
the experimental values found for the specific heat# of gase^ at high 
totnp^fatures^ and the methods used to determine thonii will be dofeered 
until the ^id of Chapter m. 
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rise of pressure after the adiabatic compression (1~2) is complete, 
the heat being added at such a rate during the first stages of expansion 
that the pressure remains constant until combustion is complete at 
the point 3, after which it drops, according to the ordinary law of 
adia batic expansion of a perfect gas, down to atmospheric pressure. 

Just as no real compression or expansion is adiabatic, so no heating 
or cooling of the working substance in a real engine takes place either 
at constant volume or constant pressure, but it is convenient to build 
up our ideal cycles out of changes which occur under conditions in 
which the results are easily calculable. These theoretical results, as we 
shall see, form a valuable guide as to what may be expected from the 
real engine. 

In making calculations about the thermal efficiency of the ideal 
cycles illustrated in figs. 2 and 3, we are concerned only with the four 
processes represented by full lines which enclose the area 1234 on the 
diagram. Any complete diagram of the operations in a real engine 
cylinder would have to show the processes of getting the gases into 
and out of the cylinder. Although consideration of these practical 
aspects of the subject is deferred for the present, it may be pointed out 
here that in the well-known Otto, or Tour-stroke’, cycle, the diagram 
would include lines such as those shown dotted in figs. 2 and 3, to 
represent, by the processes 1~5 and 5-1, the expulsion of the used 
products of combustion during the exhaust stroke, and the in-drawing 
of a fresh charge for the next cycle, both processes being supposed to 
take place at atmospheric pressure. It should be noted that in fig. 3, 
while the full movement of the piston is represented by the line 5-4, 
it is only during the operation 1-5-1 that any valves are to be imagined 
as open. 

Besides the heating process 2-3 in each cycle, and the adiabatic 
compression and expansion, we have the fourth stage 4-1, during 
which we imagine heat to be abstracted while either the volume or the 
pressure remains constant. Reduction of j>ressure and reduction of 
volume take place in the two cycles re3{)ectively, each being appro¬ 
priate to the reduction of temperature which is effected by the abstrac-. 
tion of heat. The process 4-1 is paralleled in a real engine by the drop 
of pressure which occurs after the exhaust valve opens and before the 
exhaust stroke begins. 

Turning now to the calculation of the efficiency of an ideal migine 
working upon the Otto cycle of fig. 2, the pressure, volume, and absolute 
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temperature of the gas in the cylinder before compression begins will 
be represented by and and similarly for the other points of 

the cycle. The only gains or losses of heat by the working substance 
take place while it is heated from to and cooled from P 4 to 3\, 
processes 1-2 and 3-4 being adiabatic. 

The area of the diagram represents the net work done by the piston, 
and is equivalent to the difference between the heat supplied to, and 
given up by, the working substance. In other words, the heat equi¬ 
valent of the net work done.jier cycle is 




(18) 


j ^ . X* 1 heat equivalent of net work done 

and the efficiency of the cycle =- - —,--- 

heat supplied 






(19) 


V V 

If the common ratio of compression and expansion, = p is denoted 

rz la 

by r, then it follows from equation (16) that 

T,-T,-\r) ’ 

and, by a simple transformation, also, 

T4-T, _ ny-^ 

%-T^~\r} ’ 

and the efficiency of the cycle reduces to 




( 20 ) 


In the constant pressure cycle of fig. 3, the heat supplied to the work¬ 
ing substance after compression is Kj,{Tg—Tg), and the heat abstracted 
from it after expansion is Kp(T^~Ti). Compression and expansion 
being again adiabatic, and these expressions identical with those for 
the constant volume cycle, except for the substitution of Kp for K„, 
it follows that an identical expression gives the thermal efficiency of 
this cycle as was found for the other, r being in each case the ratio of 
adiabatic compression and expansion. 

Hie remarkable and important fact about the expression for the 
effioien<^ of these cycles, given in equation ( 20 ), is that if we could 
build all engine which truly followed either of them, then the theory 
shows that its thermal efficiency would depend upon nothing but the 
xatio in which the gas was compr««ed and expanded. If we had two 
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engines of the same expansion ratio, in which the temperatures were 
very different, owing either to a different initial temperature 2\ or to 
different amounts of heat being added during the process 2-3, that 
would make no difference to the thermal efficiency, which would be the 
same in each. One engine might do more work than the other, but that 
work, whatever it was, would always be the same fraction of the total 
heat supplied during the process 2-3. 

No real engine can of course follow the cycles very closely, because 
no compression or expansion can be made truly adiabatic; because 
the working substance is not a perfect gas; and because heat cannot 
be supplied to it at strictly constant volume or pressure; but what is 
true of the ideal engine is also true of all real engines, namely, that the 
ratio of expansion is of primary importance and that the higher we 
can make it, the higher will be the thermal efficiency. The ideal engine 
affords a standard, or high-water mark, of efficiency with which real 
engines may be compared, but which they can never hope to reach. 
The cycle of the ideal engine will be referred to as the ‘air cycle’, and 
its efficiency as the ^air standard efficiency’. The name is a little un¬ 
fortunate, since a perfect gas, and not air, would be needed to carry it 
out, but the name has become generally accepted. 

TABLE 1 

Air standard efficiencies. 


RcUio of expanaion 
r 

Thermal efficiency 

-(r 

2 

0*240 

3 

0-353 

4 

0-423 

5 

0-471 

6 

0-608 

7 

0-637 

8 

0-661 

10 

0-598 

12 

0-626 

14 

0-648 

16 

0-666 

18 

0-682 

20 

0-696 


In table 1 are given the values of tile air standard efficiency calculated 
for a wide range of expansion ratios, and taking the value of y » 1*399 
which, as we have seen in art. 6, is its value for air at ordinary tem¬ 
peratures, 
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The calculated efficiency figures have been plotted against expansion 
ratio in fig. 4, from which it will be seen that there is a rapid gain of 
efficiency as the expansion ratio is increased up to about 5 to 1 and that 
afterwards the gain is progressively less for each step. We shall see in 



Fio. 4. Air standard efficiencies at different expansion ratios. 

Chapter VI that the thermal efficiencies achieved in practice are about 
two-thirds of those of the air standard, but that the curve of efficiencies 
actually obtained at different expansion ratios lies very nearly parallel 
to that of fig. 4, and to an intermediate one based upon calculations 
which do not assume the use of a perfect gas, but take account of the 
properties of the real working substance as determined by experiment: 

For reasons which will appear later, the limit of the compression, 
and therefore expansion, ratio in petrol engines is at present, except 
in a few special engines, about 6:1. The higher ratios, up to 16:1, are 
only used in engines whicfi do not compress a mixture of fuel and air, 
but nearly pure air, the fuel being injected into the cylinder when the 
compre«don is almost complete. 

It is convenient very often to speak of compression and not of 
expansion ratio, and in the great majority of engines, as in the air 
oyde, the ratios of comfnession and expansicm are very closely the 
same; but it must always be remembered tKat it is the expansion ratio 
vhidi really controls th«inal ^oiency. Attempts have been made 
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to design engines in which the two are not the same, the object being 
to avoid the difficulties associated with a high compression ratib and 
yet retain the efficiencies proper to a large expansion. The relentless 
demands of mechanical simplicity, however, have prevented any im- 
I)ortant developments along these lines. 

Art. 10. The approximation of ideal cycles to real conditions 
Of the two ideal cycles illustrated in figs. 2 and 3, the first affords a 
reasonably close approximation to what takes place in real engines. The 

only conspicuous difference between 
the real and the ideal lies in the 
fact that during the prpcess 4-1 in 
the real engine, the quantity of 
working substance in the cylinder, 
instead of remaining the same, as 
in the ideal cycle, is reduced to some¬ 
thing like J by expansion through 
the open exhaust valve. This differ¬ 
ence, however, is immaterial so far 
as calculations of efficiency are con¬ 
cerned. Heat is removed from the 
cylinder during the process 4-1 and 
at the same time the pressure is 
reduced to atmospheric. These 
changes are the only ones that affect 
the calculations, and whether or 
not they are accompanied by an 
exchange of working substance can make no difference. 

The second, constant pressure, cycle has often been called the Diesel 
cycle, although there was never very much justification for this, and in 
view^of modem developments of the Diesel engine there is now less 
than ever. The dycle which Diesel aimed at was in fact a Carnot cycle. 
This he hoped to achieve by injecting fuel into his cylinder, after a high 
degree of adiabatic compression, at such a rate as to maintain a constant 
temperature during the early stages of expansion, followed by adiabatic 
expansion after the fuel injection was completed. In the early experi¬ 
mental Diesel engines it was never found possible to do this, but it was 
found possible to maintain something like constant pressure {with of 
course a rising mean temperature) during the early part of the expan^ 
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sion. For this reason the cycle of fig. 3 came to be spoken of as an ideal 
for the Diesel cycle. There was of course never any likelihood or inten¬ 
tion of extending the expansion process 3-4 down to atmospheric 
pressure, and to get over this difficulty a third ideal cycle has been 
suggested, which is illustrated in fig. 5. 

In this cycle part of the heat is supposed to be added instantane¬ 
ously at constant volume between 2-3, and the remainder at constant 
pressure 3~3'. Adiabatic expansion along 3'-4 then occurs until the 
working substance has regained its original volume. The cycle is com¬ 
pleted by constant volume cooling 4-1 as in that of fig. 2. 

In this cycle, let p p. 

a = and jS = 

•*2 ^3 

Then the magnitudes of a and p will depend upon what fraction of the 
total heat available we assume to be communicated at constant volume, 
and what at constant pressure. 

The efficiency of the cycle can be shown to be given by the formulaf 





(X ^— 1 

(a—l)+ya(^—1)_ * 


This composite cycle suffers from the drawback that its shai)e and 
efficiency depend upon an arbitrary division of the total heat available 
into that given to the working substance at constant volume and at 
constant pressure. Apart from this disadvantage it affords a reason- 
ably good guide for calculations about the behaviour of some tyi>es of 
high compression engines with injected fuel. As we shall see in Chapter 
V, modem developments of this type of engine have tended towards 
constant volume combustion, so that an indicator diagram would show 
a sharp peak at the maximum pressure, with no sign of a constant 
pressure period (see fig. 21 on p. 117). 

The limit upon our ability to employ constant volume combustion 
with a high compression ratio and injected fuel arises, of course, from 
the very high peak pressures which would be developed. In practice 
the injection of fuel has to be so controlled that the peak pressure does 
not rise above some agreed maximum, and it is in representing these 
conditions that the composite cycle of fig. 5 is useful for the calculation 
of ideal efficiencies. The necessary assumption about the i)roportion 
of heat added at constant volume and at constant pressure must be 
governed by reference to the maximum pressure w hich is to be allowed* 

t For proof me Appendix I, p. 287. 
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In table 2 and fig. 6 are given the calculated ideal efficiencies of 
the composite cycle for compression ratios between 10 and 20 to 1 , 
and in obtaining these it has been assumed, apart from the usual 
assumptions as to the working substance being ideal air with no heat 
loss, that the same quantity of heat has been added at each compres¬ 
sion ratio, and that this quantity is that which can just be added at 

TABLE 2 

Air standard efficiencies of the composite cycle of fig, 5 on the assumption 
of a constant total amount of heat supplied and a constant maximum 
pressure of 1,000 Z 6 . per sq. inch. 


Pressure and temperature before compression begins are assumed to be normal atmo¬ 
spheric and 100° C. 


Ratio of com¬ 
pression r 

Compression 

Pt 

T, 

r,. 

T, 

1 Ejflcieneies 

Temp. 

T. 

Preat. 

P. 

Composite 

cycU 

Constant 
vdl. cycle 

10 

\ 933 

366 

2-735 

2550 

2550 

1 

0-60 

0*598 

12 

1000 

470 

2-13 

2130 

2479 

1-165 

0-623 

0-626 

15 

1093 

645 

1-55 

1694 

2422 

1-434 

0*640 

0-657 

18 

1175 

830 

1-205 

1415 

2402 

1-70 

0-648 

0-682 

20 

1223 

962 

1-04 

1272 

2396 

1-88 

0-651 

0-695 


constant volume at the lowest ratio, 10 : 1 , without exceeding the 
arbitrary maximum pressure of 1,000 lb. per s^. inch; this maximum 
being about the extreme limit allowable in practice. At each ratio 
above 10:1 less and less heat can be added at constant volume before 
the pressure limit is reached, and the remainder is then assumed to be 
added at constant pressure. 

The available ratio for adiabatic expansion, after this heating at 
constant pressure, is VJVy instead of VJV^. In other words, the expan¬ 
sion ratio, instead of being equal to the cconpression ratio, r, is now 
only equal to r//3. While r increases from 10 to 20 , the expansion ratio 
increases only from 10 to 10*62. It follows firom this approximate 
constancy of the expansion ratio, and the fixed maximum pressure, 
that the final pressure P 4 in the composite cycle is almost unaffected 
by the increase of compression ratio fix}m 10:1 to 20 : 1 . The effect 
of the increase is a small drop in the final pressure,fix>m 40*2 to 37*1 lb. 
per sq. inch absolute. 

Since the same total heat is assumed to be supplied at each com¬ 
pression ratio, the working out of the efficiendes on this assumption 
is equivalent to examining what advmitage in power output titeie is 
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to be gained by raising the compression ratio above 10:1, at which 
all the heat can be supplied at constant volume, if the maximum 
pressure is to be limited to 1,000 lb. per sq. inch, with the consequent 
limitation which this imposes upon the expansion ratio. Comparison 
of the two curves in fig. 6 shows very clearly the effect of a limitation 



Fia. 6. Comparative theoretical efficiency of the ‘constant 
volume" air standard, and the composite, cycles. 

on the maximum pressure in not allowing the efficiencies to rise with 
the compression ratio as they would with constant volume combustion, 
when compression and expansion ratios are equal. 

Some of the leading figures in the efficiency calculations are given 
in the table, from which it will be seen that, while at the lowest com¬ 
pression ratio the pressure is increased at constant volume in the 
proportion of 1:2-735, at the highest ratio the increase is only 1:1-04, 
and almost all the heat is added at constant pressure. At first, as the 
ratio is raised from 10 to 12 the efficiency improves fairly rapidly; but 
above 16:1 the increasing proportion of the expansion stroke w'hich is 
taken up by the process of constant j>ressure combustion means that 
the advantage of the higher compression ratios is nullified, and the 
effideney of the composite cycle is almost stationary. This follows, 
of C9ur8e, upon the approximate constancy of the expansion ratio, 
r/jS, which will be found to be almost stationary too. 
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The comparison is interesting, and of some practical importance as 
affording some indication of the altered relation between compression 
ratio and ideal thermal efficiency, when the new factor of a limited 
maximum pressure has.been introduced. The question is further con¬ 
sidered in Chapter VI, when the more practical limits of thermal 
efficiency will be examined, taking into account the properties of the 
real working substance, and its difference firom the ideal air which we 
have hitherto postulated. 

Art. 11. The value to be taken for n in PF” = (7 

For a true adiabatic compression or expansion the index n would be 
equal to y, the ratio of the specific heats, and for air at ordinary tempera¬ 
tures this is 1-396. No real compression or expansion is truly adiabatic, 
and no working substance with which we are concerned has specific 
heats which are either constant or equal to those of air at ordinary 
temperatures, and it becomes a matter of some importance, in engine 
calculations, to settle upon the most satisfactory value of n to take for 
practical purposes. Any value taken must be an average for the range 
of temperature covered, since the specific heats will be varying during 
the process, and so also will the rate of heat loss. The heat loss, too, 
will depend upon the relation between engine speed and turbulence of 
the gases in the cylinder, so that any accepted value for n must be a 
compromise covering many vmiables. 

The range of variation will be much wider for expansion than for 
compression curves; so wide indeed that it is of doubtful value to 
attempt to give an average working value for n during expansion curves, 
it is for calculations of the pressures and temperatures at the end of 
compression, however, that a working value for »is chiefly useful, and 
for the present we shall conflne the discussion to that aspect. In the 
next article an outline is given of the method for dealing with expansion 
curves. 

Even for compression curves no one value of n can be accepted as 
satisfactory for all, but it is possible to divide up the different conditions 
for which we need to know the value into three well-defined classes of 
engit^, and to accept an average value for each dass of satisfactory 
accuracy. The three dasses axe: 

(a) EngiiMS with petrol-air mixtures. Compression ratios up to 7:1. 

(b) Engines with coal gas-air mixtures. Gominession ratios up to 
7:1, 
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(c) Engines compressing air only in ratios from 12 to 16; 1, such as 
are required for compression-ignition operation. 

It must be understood that for all the classes there are factors about 
which it is impossible to generalize, and which have an important 
effect upon the compression pressure reached in any particular engine. 
These factors, apart from the barometric pressure, are the cylinder 
wall temperature, the valve timing, and the length of the induction 
pipes. Depending upon a combination of the last two, the pressure in 
the cylinder at the beginning of compression may be appreciably below, 
or appreciably above, the outside atmospheric pressure. The latter 
possibility arises from the ‘ramming pipe’ effect of the momentum 
acquired by the moving column of air in the induction pipe. As an 
example of how large the effect of valve-timing may be, an experi- 
ipent may be quoted in which a large air-cooled cylinder of compression 
ratio 12:1 gave a compression pressure 415 lb. per sq. inch absolute 
when motored round cold at 1,100 r.p.m., and only 402 when tested just 
after full-load running. At this speed gas leakage was quite negligible 
and the drop in compression pressure was doubtless due to cylinder 
expansion when tested hot, which gave an earlier closing of the inlet 
valve, and lower volumetric efficiency. The drop in volumetric efficiency 
was sufficient to lower the compression pressure from 415 to 402 lb. 
per sq. inch, in spite of the augmentation of the pressure due to hot 
cylinder walls. 

In the face of so large an uncertainty, which may cause wide differ¬ 
ences of compression temperature and pressure in engines of the same 
measured compression ratio, and even in the same engine at different 
times, the only satisfactory plan, in making analyses for the calculation 
of theoretical efficiencies, wiU be to assume truly adiabatic compression 
from atmospheric pressure. Under these conditions n = y, and y can 
be accurately obtained from the mean specific heat of the gases in the 
cylinder up to the compression temperature. 

A point may be noted here which will be more fully gone into in 
art. 37, namely, that the gases in the cylinder, before compression, are 
composed of two parts mingled together: the fresh charge drawn in 
during the suction stroke, and the residual exhaust gas left in the 
dearimce space of the cylinder after the previous stroke. The residual 
exhaust gas contains some 20 per cent, by volume of the triatomic 
l^aas 00^ and H^O, of high specific heat, and for accurate work th^ 
pi:esence of these cannot be neglected in calculating the mean specific 
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heat of the contents of an engine cylinder during compression. In 
a 5:1 compression ratio engine the presence of the residual exhaust 
gas will increase the mean specific heat of the cylinder contents between 
100 ® C. and the compression temperature by about 0-5 per cent., and 
will therefore reduce the value of y—1 in the same proportion (see 
equation (8), p. 10). 

Apart from the conditions to be assumed in theoretical analyses, 
however, the best average values of n to be used for finding compression 
pressure and temperature in the three classes of engines (a), (6), and (c) 
will now be discussed. 

Before dealing at some length with the question of heat loss, which 
affects all types, it will be convenient to clear up the question of the 
effect of the fuel vapour in class (a), and to get that out of the Way. In 
a i)etrol and air mixture in the proportion to give just complete com¬ 
bustion of both, there is about 7 per cent, by weight of heavy hydro¬ 
carbon vapour, of which the high specific heat will have a marked 
effect upon the value of w. Class (a) differs in this respect from the 
other two, for in class (c) air only is drawn into the cylinder, while in 
class (h) the presence of even 20 per cent, of coal gas, composed as it is 
to the extent of about 75 per cent, of the diatomic gases hydrogen and 
carbon monoxide, will affect the mean specific heat of the cylinder 
contents only to a small extent. The other 25 pet cent, of the coal gas 
would be mostly methane, and if we assume it is all that, the effect of 
this would be to raise the mean specific heat of a 1:4 gas-air mixture 
above that of pure air by 2 per cent. This is an outside figure, for it is 
not often that the gas-air ratio would be so high as 1:4. It would be 
commonly more like 1:8. 

Tizard^t has pointed out that the specific heats at constant volume 
of all the |)araffin hydrocarbon vapours from pentane upwards (see 
art. 16) are very nearly the same and equal to 0*48 C.H.U. per pound 
between 0® and 300° C., and that the ratio of specific heats, y, can 
therefore be calculated for a series of petrol-air mixtures of varying 
proportions. The values so found are shown plotted in fig. 7, and it 
will be seen that they vary from 1*35 for a mixture containii^ only 
80 per cent, of the fuel for complete combustion, to about 1*32 for a 
mixture with 50 per cent, excess of fuel. The value at the ‘emrfeot’ 
mixture, as it will in future be called, is about 1*34. These values of y 
would be the values of n to be used for the compresrion of petrol^air 

t See p. xiv for all reCemices to original work. 
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mixtures if all heat loss to the cylinder walls could be suppressed. Heat 
loss, however, has an important bearing on the calculations of com¬ 
pression pressures at all ratios, and will now be considered in some 
detail. 

In the paper just referred to, Tizard gives the results of a large number 
of experiments made with the compression machine of which some 
description is given in art. 34 of Chapter V. In this machine a ainglA 



Fig. 7, Values of y and n for petrol^air mixtures. 


rapid compression of air or combustible mixture can be made, so that a 
knowledge of the initial and final pressure, and of the volume ratio of 
compression, enables a value of n to be calculated. The values so found 
for compression ratios below 7:1 have been added to fig. 7 and are 
shown by the dotted line. The values vary with the mixture strength 
just as the calculated values of the upper curve, and the vertical 
distance of the dotted curve below the curve of y values represents 
the effect of heat loss. For the correct mixture the observed value of 
n was 1-31, and it dropped to 1*29 for a mixture containing 60 per cent, 
excess of fuel. In this machine the gas before compression was in a 
stagnant condition, whereas in an engine there is always a considerable 
amount of turbulent motion of the ur which wjU assist heat loss. To 
set against this the time of compression in Tisard’s expraiments was 
very much longer tlum in any high-speed engine, being about O’! sec. 
as compared with 0'03 sec. in an engine running at 1,000 r.p.m,, and 
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we must now examine the combined effect upon heat loss of the opposing 
factors of turbulence and speed. 

Before passing to the high-speed engine with its extreme degrees 
of gas turbulence it is of interest to record the results of a further 
series of experiments^® made with the compression machine to ascertain 



Approx, 
values 
of n 
l>4e 


1-35 


1 30 


Fig. 8. Pressures reached by compression at varying rates in the 
volume ratio 6*09 to 1. 


the effect of time of compression upon the pressure reached, and upon 
the value of n. The results of a series of compressions of air and of 
hydrogen in a volume ratio of 6‘09:1 are shown in fig. 8. The more 
pronounced effect of heat loss with hydrogen, owing to its greater con¬ 
ductivity, will be noticed. It was impossible, for mechanical reasons, 
to make the time of compression 1^ than 0*06 sec., but the observations 
indicate that the less time thm« had been for heat loss the nearer would 
the pressure ratio have approached to its true adiabatic value 12'6. 

Hopkinson’ examined the compression and expansion curves for a 
large, slow-running engine of compression ratio 6'37, and found that 
the average vidue of » while compressing air only was 1*36. It varied 
widely during the stroke, averaging 1*41 in the first and .1*31 in the 
second half, ilie qaeed of the engine was 180 r.p.m., giving a time of 
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compresBion 0-166 sec., and the corresponding pressure ratio for 

= 1*35 has been added to fig. 8 at the point H, The proportionate 
loss of heat was evidently rather less in Hopkinson’s engine, in spite 
of some turbulence, but this may easily be understood as being due to 
the very much larger size of cylinder of his engine, this having been 
11 -6x21 inches, bore and stroke, as against 3x8 inches in the com¬ 
pression machine. 

It might be supposed, after an examination of fig. 8, that for engines 
of speeds over 1,000 r.p.m., that is, for times of compression of 0*03 sec. 
and under, the pressure ratio would approach very closely to the adia¬ 
batic value. This, however, would be to reckon without the effect of 
turbulence. The effect of this, and speed, will best be understood by 
an examination of table 3, in which are given a number of carefully 


TABLE 3 

Values of index n under various conditions for compressions of air only. 


Compression 
ratios {volume) 

Speed or time 
of compression 

Machine in which (Served 

Compression 

machine 

Poppet-valve 

engine 

SUeve-vafve 
engine 
{low swirl) 

Sleeve-valve 
engine 
{high swirl) 

609 

0-1 sec. 

1-36 

., 


.. 

6-00 

1500 r.p.m. 

,. 

1-375 

.. 

.. 

13-8 

0-1 see. 

1-31 

.. 

.. 

.. 

12-6 

1000 r.p.m. 

., 

1-32 

.. 

.. 

12-5 

1800 „ 

,. 

1-325 


.. 

13-8 

1000 

.. 

.. 

1-305 

1-29 

13-8 

1500 „ 

-- 


1-315 

1-30 


observed values of n in the compression machine and in engines of 
classes (6) and (c) at various speeds. In' some cases the effect of speed 
may be masked to some extent by a change of pressure before com¬ 
pression, as it was not in all cases possible to get an exact check upon 
this; but the values for^n appear to be consistent and are probably 
correct to two places of decimals. 

A comparison with the values of the pressure ratio of fig. 8 will show, 
in the first place, that in the engine of 6:1 ratio the value of n at 1,500 
r^p.m. is no higher than that in the compression machine when the time 
was 0*06 sec. In other words, turbulence must have trebled the rate 
of heat loss, since the time occupied at 1,500 r.p.m. was 0*02 sec. 

In columns 5 and 6 of the table, the effect of turbulence is illustrated 
in another way. These %ure8 were obtained upon a sleeve-valve engine 
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in which the method of entry of the air into the cylinder produced a 
vigorous swirling motion about its axis, and the rate of swirl could be 
measured, and varied at will. Under the conditions designated ‘high 
swirr the rate of circulation of the air was about 250 revolutions per 
second, and under low swirl conditions half as rapid. Doubling of the 
swirl rate reduced the pressure ratio of compression by 4 per cent, at 
each speed, other conditions remaining steady. Another interesting 
comparison is between the compression machine and the engine, at an 
identical compression ratio of 13*8 to 1, in which stagnant compression 
in 0*1 sec. gave the same pressure ratio, within the accuracy obtainable, 
as low swirl conditions in the engine occupying 0*025 sec.; one may 
conclude, therefore, that the organized swirl of the air had increased 
the rate of heat loss about four times above that of the stagnant com¬ 
pression, as against the trebling of it by the unorganized turbulence 
of the poppet-valve cylinder. It should be noted, however, that this 
comparison is subject, so far as the engine is concerned, to uncertainty 
as to what the effective compression ratio really was. The measured 
ratio was 13*8, but indicator diagrams did not give with certainty the 
moment when the pressure in the cylinder was atmospheric. 

Enough has now been said to give grounds for settling upon the most 
satisfactory average figures to adopt for the index n in the three classes 
of engines (a), (6), and (c), as set out on p. 26. 

In settling upon a figure for class (a) we have the facts that in the 
compression machine the observed value of n with a correct petrol- 
air mixture was 1*31, with a compression time of 0*1 of a second, and 
this figure rose to 1*36 when the compression was of air only. As 
compared with 1*375 for the compression of air only at 6:1 and 1,500 
r.p.m., we may accept 1*33 as the best average value for high-speed 
petrol engines in class (a), of which the speeds will generally be above 
1,500 r.p.m. The proviso must be added that the correct figure may 
easily be as low as 1*31 for rich petrol-air mixtures, and may be 1*335 
or 1*34 for weak ones. 

For class (6) 1*37 will be taken, on the.ground that 1*375 was observed 
with pure air at 6:1 compression, and that the presence of methane 
in the coal gas, helped to a slight extent by the residual exhaust, may 
be expected to produce a lowering of the value of n—1 amounting to 
1-5 to 2 per cent. Gas-engine speeds are for the most part well below 
1,600 r.p^m., .at which the figure of table 3 was observed, but to set 
against this the cylinder sizes are larger. These two factors wiU irduence 
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the heat loss during compression in opposite directions, and it seems 
reasonable therefore to accept the figure of table 3, modified as above, 
as being applicable with sufiScient accuracy to the whole class of gas 
engines* 

Class (c) must be subdivided for poppet-valve and sleeve-valve 
engines, for among high-compression engines with injection of fuel 
those with sleeve-valves will be of the high swirl type. An appropriate 
figure will therefore be 1-30, whereas in the corresponding poppet- 
valve engine the average appears to be more nearly 1-32. 

It must be understood that these figures are purely rough average 
values of n for the practical purpose of calculating compression pressures 
and temperatures, assuming that the full compression ratio is effective 
and that the pressure in the cylinder when the compression stroke 
begins is atmospheric. Values of n are influenced both by heat loss and 
by the specific heat of the gases during compression to the extent 
indicated, but the valve-timing and form of induction system may have 
an influence as great as either of these factors in deciding the real com¬ 
pression pressure in any one particular engine. 

Art. 13« The calculation of cycle temperatures 

As a preliminary to the methods to be given in the next chapter for 
calculating the exact condition of the working substance in an engine, 
allowing for dissociation, there will be given in the present article the 
calculated explosion temj>eratures, and the temperatures after expan¬ 
sion, on the assumption that no dissociation takes place, and the effect 
of dissociation upon the explosion temperatures will merely be stated. 
The engine will at first be taken as one of 5:1 compression ratio, em¬ 
ploying the typical hydrocarbon benzene (CeH^) as fuel, in which the 
conditions of the combustible mixture before compression are normal 
atmospheric premure and 100^ C. 

When benzene is mixed with air in the correct proportion to give 
just complete combustion of all the C to COg and all Hg to HgO, then 
the heat generated is 57*6 C.H.U. per standard cubic foot of the mixture. 
It is more convenient, however, to work with the pound-molecule, or 
mol., as the unit of quantity, and the heat generated on combustion 
per mol. of mixture will then be 

57*6 X 369 = 20,640 C.H.U. 

If this quantity of heat is represented by Q, and if ? is the heat 
energy given to the combustible mixture during the previous com- 
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pression in the ratio 5:1, then the ‘energy content’, products 

of combustion per mol. of original mixture, at absolute temperature 
T, is given by 

Ejf = Q+q C.H.U. per mol. 

Ej, is measured from the arbitrary zero of 100° C., and q is of course 
the work done in compressing the mixture. For the correct benzene-air 
mixture and 5:1 compression q = 1,590 C.H.U. per mol. and therefore 
E'y, = 20,640-f 1,590 = 22,230 C.H.U. per mol. 

In order to calculate the maximum temperature Tg of the cycle 
(fig. 2, p. 17) we need to know the mean specific heat of the products 
of combustion for the rarige of temperature from 100° C. up to the 
maximum.! In engine calculations it is always more convenient to 
work with units of volume of the working substance rather than weights, 
and since ‘specific heat’ is the accepted term for the heat necessary to 
raise the temj)erature of unit mass of a substance one degree, it is 
I)roposed to use the term ‘volumetric heat’ henceforward when a 
certain volume of gas is the unit of quantity. Volumetric heats will 
be expressed in terms of ft.-lb. pet S.C.F. or of C.H.U. per mol. The 
mean volumetric heat of the mixed products of combustion in an engine 
may be calculated from a knowledge of the mean volumetric heats of 
Ng, COg, and HgO, as given in table 10 on p. 87, or in the case of the 
correct benzene-air mixture where dissociation is disregarded it may 
be taken from a curve such as that of fig. 15 on p. 88, which has been 
drawn for the products of combustion of such a mixture. 

Ejf for the combustion products per mol. of original mixture can 
be very nearly expressed by an equation of the form 

for the ranges of temperature from 100® C. up to maxima lying between 
2,000® and 3,000® C. 

The maximum temperature T, abs. is therefore given by 

whence Tg = 3,30U abs. = 3,028° C. 

During the expansion stroke, the temperature of the working sub- 

t During adiabatic comprensioii the mean spectre heat of the combustible mixture 
ta suilicieiitly nearly the same as that of its products of combustion, up to the oc»n« 
pression' tem|)orature. 
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stance will fall through more than 1 , 000 ° C., and the volumetric heat 
of the gases will vary widely during the process. The value of y, if the 
expansion curves be represented by PVv — constant, must also vary 
vary much, but the final temperature can be calculated with little 
loss of accuracy by a method \^hich assumes a mean constant value 
of y throughout the expansion, corresponding to a mean K^. The 
calculation is made by guessing a value for y, calculating from 
equation (16), according to which 

and then finding the mean value of which corresponds to the tem¬ 
perature found. For this purpose is first found from equation (21) 
and then we have 

K = 

^ T^—T^ ' 

Finally we have to find y corresponding to this value of by 
equation ( 8 ), and if it does not agree with the value previously guessed, 
the calculation is repeated, starting with the new value of y. 

For example, take y = 1*235. Then 

i; = 3,301-^5®^*»» = 2,261 (1,988° C.), 

Et, = 640*4 X 18*88-f4*05(18*88)* (from eq. (21)) 

= 12,090-1-1,445 = 13,535. 


The mean value of between J 3 and 


22,230 13,535 _ g,g 0 Q j. original mixture. 

3,301—2,261 ^ ^ 


But since there are 74*4 mols. of products for 73*4 mols. of mixture, 
the mean K„ for products = 8*360-M*014, whence 


, , 1*985x1*014 
'8*360- 


1*2407. 


If the calculation is repeated, using y = 1*241, the final temperature 
= 2,240 is obtained and the value of y checks correctly. 

The final temperature for the calculated cycle is therefore 1,967° C. 
The value of Ex', = 13,370 and hence the work done during the adia¬ 
batic expanmon must be 

Ex-Ej., == 22,230-13,370 



ENOmE CYCLES 


[n. 12 


se 


The net work done daring the cyde 

= work done during expansion—work of compression 
= 8,860—1,690 

= 7,270 C.H.U. per mol. of original mixture. 

This figure for the net work done per cycle, when divided by the 
heat supplied on combustion, 20,640 C.H.U., gives the calculated 
efficiency of the cycle, which in the example taken is found to be 
36-2 per cent. 

The calculations so far have been based on the assumption that the 
full heat of combustion of the benzene-air mixture, 20,640 C.H.U. per 
mol., will actually be developed when ignition takes place. It is found, 
however, that when a quantity of CO, and H,0 molecules are raised 
to the very high temperatures produced in an engine cylinder, a certain 
proportion of them, depending upon the temperature and to a less 
extent upon the pressure, become split up according to the equations: 

2CO, r* 2C0H-02, (22) 

2H,0 2H,-}-Og, (23) 

and a condition of equilibrium is established in which the complete 
molecule and its component parts coexist together in certain definite 
proportions, depending chiefiy upon the temperature. 

It follows that when a combustible mixture of air with any hydro¬ 
carbon is burnt, there will come a point, if the temperature becomes 
high enough, at which the union of oxygen with carbon and hydrogen, 
which generates the heat, will cease, although only partially complete, 
and at the maximum temperature there will be not only CO, and H,0 
but also some CO, O,, and H, in an uncombined state. At these high 
tempeiratuies the five gases can coexist in equilibrium and the tempera¬ 
ture reached will be lower than the 3,028*’ C. calculated above, because 
the stoppage of the oxidation of carbon and hydrogen when only 
partially complete will mean that the full heat of combu^on has not 
been developed at the maximum temperature. When the temperature 
in the engine drops below the maximum, on account of expansion, the 
proportion of CO, and H,0 which can remain in a dissociated condi¬ 
tion rapidly diminishes, and all carbon and hydrogen is soon com¬ 
pletely oxidized, provided always that there is no excess of fuel present, 
which would result in there not being enough oxygen to go round. 
The method of calculating the amount of heat actually developed at 
the maximum temperature, when dissociation is allowed for, will be 
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explained in the next chapter. In the correct benzene-air mixture 
which we are considering the lowering of the maximum temperature 
amoimts to about 320° C., 3,028° becoming 2,705° C. when dissociation 
is allowed for. 

Art. 13. Three cycles compared 

The methods of the last article provide means for calculating the 
temperatures at each point of a cycle, with the exception of the correct 
explosion temperature when dissociation has been allowed for. In the 
present article three typical cycles will be examined, and the tempera¬ 
ture and pressure calculated for each significant point of the diagram. 
The efiect of dissociation will, as in the last article, be simply stated, 
the calculations for this being deferred tc the end of Chapter III. 

The three cycles to be examined are: 

(а) a petrol engine of comjnession ratio 6 to 1; 

(б) a gas engine of compression ratio 7 to 1; 

(c) a compression-ignition engine of compression ratio 12 to 1. 

Although the calculated diagrams will be subject to the condition of 
no heat loss to the cylinder walls, they will in other respects approxi¬ 
mate fairly closely to the real conditions, and afford an interesting 
comparison of the temperatures and pressures to be expected in the 
three types of engine. The heat supply from combustion of the fuel 
is not the same in the three cycles. In the first it is taken as the heat 
generated by combustion of a correct benzene-air mixture; in the second 
by combustion of a correct mixture of the typical coal gas of whiah an 
analysis is given in table 6 on p. 44; and in cycle (c) it has been assumed 
that sufficient fuel is injected to combine with 80 per cent, of the air 
in the cylinder. This keeps the calculated diagram in relation to real 
conditions, for it has never hitherto been found possible in practice to 
consume more than about 75 per cent, of the air present in the cylinders 
of a compression-ignition engine. The diagrams are shown side by 
side in fig. 9, each drawn, to a base of equal stroke length and to a 
common pressure scale. The conditions before the beginning of com¬ 
pression axe in each diagram taken as 100° C. and standard atmospheric 
pressure. It might be objected that the initial temperature of the 
three t^cles would probably not be the same in practice, and this is 
true: in art. 36 of Chapter V it will be shown that 100° C. is about right 
for the gas engine of 7:1 compression, but that for the lower compression 
petrol engine the larger proportion of hot residual gas remaining in the 
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cylinder will result in a temperature more like 120*^ C. In the com- 
pression-ignition engine, mviatis m^Uandia, the initial temperature will 
in like manner be below 100 ° C. For this preliminary comparison, 
however, there is much to be said for assuming a common starting 
temperature. It brings out, for example, that there is a steady fall of 
maximum temperature with rise of compression ratio; and the calcu¬ 
lated differences would be increased somewhat by taking starting 



Fig. 9. Calculated cycles for three types of engine. Properties of the real working 
substance, and also dissociation, have been allowed for, but the cylinder walls and piston 
have been assumed impervious to heat. 


temperatures more appropriate to each ratio. If dissociation had not 
been allowed for, the maximum temperatures would have been about 
3,028° (as was found in the last article), 2,942°, and 2,481° C. for the 
three cycles. It should be noted of course that the fall of maximum 
temperature at the higher ratios is due, not to the rise of ratio, but to 
the other conditions which happen to go with it. In the gas engine 
less heat is generated per standard cubic foot of correct combustible 
mixture than in a petrol engine; and in the compression-ignition engine 
there^ is the assumption that only sufficient' liquid fuel is injected to 
combine with 80 pet cent, of the air present. In this cycle, also, some 
heat of combustion is converted into work during the constant pressure 
expansion and is ineffective in raising the temperature of the cylinder 
gases. This expansion at constant pressure while combustion goes on 
reduces the effective expansion ratio from 12:1 to 7*25:1, but eveh 
so the final temperature is about 360° C. below the gas engine and 
550° C. below the petrol engine. The lower exhaust temperatures of the 
compression-ignition cycle are very noticeable in practice, as are. also 
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the generally cooler cylinder conditions when measured during full¬ 
load operation. 

The temperatures shown on the three diagrams of fig. 9 are intended 
only to bring out, at this early stage, the different characteristics of the 
three cycles. They are not given as being the temperatures in an actual 
engine, as nearly as can be calculated after full allowance has been made 
for practical conditions. For example, besides the assumption of a 
c^ommon initial temperature of 100® C., referred to already, it seemed 
advisable, for the sake of simplicity, to assume that the cylinder in 
each engine was filled only with combustible mixture, undiluted with 
residual products of combustion from the previous stroke. This has the 
advantage that the calculated temperatures are the same as those which 
will be obtained, in Chapter III, when the combustion of certain 
specified fuel-air mixtures, represented by the chemical equations (28) 
and (29) on pp. 46 and 63, will be considered. It should be realized 
that the presence of residual products has a very substantial effect in 
the way of lowering the maximum temperatures. At a compression 
ratio of 5:1 the weights of residual gas and of combustible fuel-air 
mixture present in the cylinder during compression will be in the ratio 
of about 1 to 14 (see table 20); and to a first approximation, therefore, 
the rise of temperature on combustion will be reduced, by the presence 
of that proportion of inert gas, in the ratio 14/15, that is by some 
150® C. At higher ratios of compression the effect of the inert residual 
gas will be less marked. The methods of Chapter III can be applied to 
calculate the true maximum temperature in any particular case, as 
soon as the conditions in regard to compression ratio, fuel-air ratio, 
etc., have been defined. 

The presence of residual gas in an engine cylinder is of great importance 
in connexion with the phenomenon of detonation (see Chapter IV). It 
may be noted here for future reference that every 1 per cent, dilution 
of a combustible mixture with residual gas will diminish the tempera¬ 
ture rise on combustion in a like proportion, i.e. by some 20° C. or more. 

The higher the maximum temperature, in the cycles of fig. 9, the 
higher will be the mean volumetric heat of the expanding gases and the 
greater the combustion during the expansion stroke—and these features 
are reflected in the faUing values of the ‘mean y* during expansion as 
marked on the diagrams. 

The final temperatures, and the values of the ‘mean y\ have been 
determined by a method similar to that given in the last article. In 
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this 08436, however, the difference in the energy eontent of the produots 
of combustion at the beginning and end of expansion has been 
augmented by the heat of combustion during the expansion, and hence 
the resulting ‘apparent is considerably increased.f 
During compression the value of y is that corresponding to the mean 
volumetric heat, throughout the respective temperature ranges, for the 
benzene-air mixture in cycle (a), for the gas-air mixture in i^cle (6), 
and for air only in cycle (c). The values of K, and y are given, for the 
three cycles, in table 4. 

TABLE 4 


Values of the mean volumetric heat K„, and of y, during the compression 
strokes of the Hvree cydes shown in fig. 9. 


CycU 

Qaa compressed 

Compres¬ 
sion ratio 

Temp, range, 
100° C. up to 

Mean K^, 
C,H,U. 
per mol. 

■ 

Heat oj adia¬ 
batic compres¬ 
sion, CH.U, 
per mol. 

a 

cdr4-beii2sene 

vapour 

6 

372“ C. 

6-847 

1-340 

1590 

h 

air4*coal gas 

7 

480“ C. 

6-60 

1-361 

2000 

0 

air only 

12 

665“ C. 

5-41 

1-367 

3000 


Apart from the compression ratio and the rise of temperature, the 
maximum pressures in cycles (a) and (6) are influenced by a change 
in the number of molecules present in the cylinder when combustion 
ti^es place. In cycle (a) this change is an increase of 3*6 per cent., and 
in (6) a decrease of 4’7 per cent. These figures have, of course, been 
affected by dissociation, which increases the number of molecules, at 
tibe maximum temperature, over and above what it would be if no 
dissociation took place. This point should become quite clear after 
reading the next chapter. 

t See Bef. 7, pp. 36 end 36. 
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Art. 14. Chemical equations and heats of reaction 

Of the two chief components of air, nitrogen can be regarded as the 
‘sleeping partner’, for it plays very little part in the chemical reactions 
which go on in an engine cylinder. It is merely drawn in, heated up 
through the activities of the oxygen, expanded, and then expelled 
through the exhaust valve without undergoing much chemical change. 
It is well to keep in mind from the beginning that, expressed by weight, 
very nearly three-quarters of the gaseous working substance in an 
engine cylinder consists of this inert nitrogen. 

During the process we call burning, whether of a coal fire or of fuel 
in an engine, the active partner oxygen goes through a process of 
chemical combination with the elements of the fuel. These are thereby 
oxidized with the evolution of a definite amount of heat which depends 
niK>n the nature of the fuel. It is usual to speak of the fuel, but there 
is no reason why we should not equally speak of the air, being burnt, 
and it is often convenient to do so. For example, we say of a fire that 
we can get no more heat when the fuel is all burnt; but this is because 
the amount of air available is unlimited. In an engine cylinder, on the 
other hand, the amount of air is limited, and we often have an excess 
of fuel—^in common parlance a ‘rich mixture’—and in these circum¬ 
stances the limit to the amount of heat produced is reached when the 
air is all burnt, and the excess of unbumt, or partially burnt, fuel passes 
out through the exhaust valve and is wasted. 

The two elements forming the bulk of all fuels are carbon and 
hydrogen. Of these, hydrogen bums only to water, but carbon may 
be completely oxidized to carbon dioxide (CO2) or only partially, if 
there is insufficient oxygen, to carbon monoxide (CO). 

The several combustion processes, and the heat evolved by them, 
are expressed symbolically in the chemical equations: 

(a) C(graph.)+02 = COj-f 94,270t C.H.U. (24) 

(12) (32) (44) 

(5) 2C(graph.)-f0a == 2C0-f 53,320 C.H.U. (25) 

(24) (32) (50) 

t If the CO 2 wore formed from amorphous carbon instead of graphite, this quantity 
Would be about 3*2 per cent, greater. The heat of reaction in (6) woidd also be increased. 

n 
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(c) 2C0+0, = 2008+136,220 C.H.U. (26) 

(56) (32) (88) 

(d) 2H8+08 = 2Hj0(gas)+116,640 C.H.U. (27) 

(4) (32) (36) 

In each case the reaction is supposed to take place at constant pressure 
and to start and finish at room temperature. 

Each letter in the chemical equations represents an atom of carbon, 
oxygen, or hydrogen, as the case may be, and the figures in brackets, 
which express the combining proportions by weight of each reacting 
body, are arrived at by multiplying the atomic weights (see table 38, 
p. 282) by the number of atoms present. Except at very high tempera¬ 
tures the atom of oxygen never exists independently, but only as the 
molecule Oj, and therefore in equations (6), (c), and (d) we introduce 
the minimum amount of fuel necessary to combine with a molecule of 
oxygen, as being the smallest separately existing unit. 

The figures, besides giving the proportions by weight, are also the 
actual weights of the reactants in pounds which will produce the 
quantities of heat shown to the right of each equation, expressed in 
C.H.U. . The reactants in equations (c) and (d) are all gases, and by 
Avogadro’s hypothesis the volume of eaeh gas will be in proportion 
to the number of molecules. Thus two volumes of CO combine with 
one volume of Oj to form two volumes of CO*. Moreover, if we choose 
to take as the unit of volume the *pound*molecule’, or mol. (369 cubic 
feet at N.T.P., see art. 4), then equations like (a), (6), (c), and (d) can 
be interpreted as expressing either combining weights or combining 
volumes, and the same figure for the heat of the reaction js equally 
true, whichever way is the most convenient to make use of the equation. 
This is the peculiar value of the pound-molecule as a unit. For example, 
equation (d) may be read either as telling us that 4 lb. of hydrogen 
combine with 32 lb. of oxygen to give 36 lb. of water vapour, and 
develop 116,640 C.H.U.; or as telling us that 2 mols. of hydrogen (718 
cubic feet) combine with 1 mol. of oxygen (369 <hibic feet) and produce 
2 mols. of water vapour (718 cubic feet) with the same evolution of 
heat, namely 116,640 C.H.U. 

Since by definition 1 mol. of any gas has a weight equid to the 
molecular weight of the gas, it follows that the number of mols. involved 
in any equation is the same as the number of molecules, and the 
numlwr can be read off as soon as the eq^tion is ccxrrectly written 
down. The volumes given above in cubic feet are what the volumes 
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involved would be if reduced to N.T.P. They are given to remind the 
reader that at any moment the mol. can be turned into a concrete 
and familiar quantity, but as a rule there is no need to. complicate the 
equation by doing so. 

In equation (d) the water produced is supposed to have remained 
in the form of vapour, for this is the condition in which it leaves an 
internal combustion engine. If the vapour has been allowed to cool 
down and condense, the equation, of course, no longer expresses 
volumes, although the combining weights may still be used. It must 
be remembered, however, that an additional amount of heat will be 
yielded up to the surroundings on account of the latent heat of conden¬ 
sation. This amounts to 583 C.H.U. per pound, and we must there¬ 
fore add a further 36 x 583 = 21,000 C.H.U. to the heat of the reaction 
if the steam after formation is allowed to condense. 

If we extract from equations (a), (6), and (d) the heat derived from 
burning 1 pound of hydrogen to water vapour, and of carbon to COj 
and CO, we obtain the following figures: 

1 lb. of hydrogen burnt to HgO (vapour) yields 28,910t C.H.U. 

1 lb. of carbon (graphite) burnt to CO2 yields 7,860 C.H.U. 

1 lb. of carbon (graphite) burnt to CO yields 2,220 C.H.U. 

The point to be noticed here is the very large heat of combustion 
of hydrogen, when this is compared with that of carbon on a weight 
basis; and also the comparatively small fiuction of the total heat of 
combustion of carbon to carbon dioxide, which is ev(fived during the 
partial combustion to the monoxide. The high calorific value of hydro¬ 
gen has an important bearing upon the volatile fuels for internal 
combustion engines, in that the aromatic series of hydrocarbons (see 
art. 16), which in many ways are ideal as fuel, suffer to the extent of 
about 10 per cent, in calorific value per pound as compared with the 
paraffin series, because of the lower proportion of hydrogen in their 
molecules. 

Art. 15. Gaseous fuels 

There are about six different types of gaseous fuel which are used for 
power generation. These are set out in table 5 so that their various 
compositions may be compared. It must be understood that the 

t Or sUowing for the molecular weight of hydrogen being greater than 2, viz. 2*0156, 
this figure beoomee 28,690. 
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percentages given for the constituents are no more than rough average 
figures. The composition of each type of gas may vary according to the 
details of its production. 

TABLE 5 


Compoaitum 
percentages by volume 


Type of gas 

Hydrogen 

Methanct 
and other 
hydro¬ 
carbons 

Carbon 

monoxide 

Nitro¬ 

gen 

Carbon 

dioxide 

Calorific value 
{lower) in 
C,H,U*per si, 
cubic foot 

* Town gas ’ or coal gas 

48 

22-5 

19 

6 

4-6 

257 

C!oke-oven gas . 

53 

30 

10 

5 

2 

220 

Producer gas 

15 

2 

28 

60 

5 

85 

Blast-furnace gas 

4 

1 

25 

65 

5 

59 

Natural gas 

0 

95 

0 

4 

1 

512 

*Oil* gas . 

6 

85 

0 

6 

3 

600-820 


Oi the gases in the table, ordinary town gas and coke-oven gas are 
very similar in composition, as indeed would be expected, for they are 
both produced by the heating of coal in retorts, the only difference 
being that town gas is produced at a gasworks with coke as a by¬ 
product, whereas the chief concern of a coke-oven plant is to produce 
a hard coke suitable for iron smelting, and here the gas is a by-product. 
So much so, that for many years all the gas not used in the coke making 
was burnt away to waste. Since the manufacture of the coke required 
for smelting one ton of pig iron sets free some 10,000 cubic feet of 
gas, and the annual output of pig iron is measured in millions of 
tons, one may get some idea of the waste of valuable fuel that was 
involved. 

Producer gas is generated, usually in close proximity to the engine 
which is to use it, either by forcing or sucking steam and air through a 
mass of highly heated anthracite or coke, which are both nearly pure 
carbon. The water becomes split up into hydrogen and oxygen, and 
the latter, together with the oxygen in the air which accompanies the 
steam, combines with the carbon so as to give partial oxidation to 
carbon monoxide, CO. The heat generated during the formation of 
the CO maintains the temperature of the producer. The resulting gas 
is of low calorific value, since it contains a lot of inert nitrogen, but 
the simplicity and self-contained nature of the engine-cum-producer 
plant, combined with the high efficiency with which the gaseous fuel 
can be used, have given to producer gas great commercial importance. 
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Because of its low heating value jier cubic foot it cannot usefully be 
employed where an engine of high power and small bulk is required. 
For further information upon gas-producer plants the reader should 
consult the books named under reference (4) on p. xiv. 

Blast-furnace gas, as its name implies, is a by-product from the 
smelting of pig-iron. Its chief combustible constituent is half-burnt 
coke in the form of carbon monoxide. The heat evolved in burning 
one cubic foot of carbon monoxide to COg is 188 C.H.U., as compared 
with 271 C.H.U. if the same volume of CO 2 had been formed direct from 
coke. The quantity of nitrogen present, and the fact that its only 
combustible is already partially burnt, means a very low calorific 
value, but where power is required in the neighbourhood of blast 
furnaces a large saving can be effected by using the gas which would 
otherwise be wasted. Large, slow-running engines are necessary, but 
it has been established that round about 25 horse-power can be derived 
per ton of iron produced per day. 

Natural gas, which usually consists of nearly pure methane, forms 
an admirable engine fuel of high calorific value. It is obtained in enor¬ 
mous quantities from wells in the United States, and in the neighbour¬ 
hood of oil-fields in other parts of the world. Its utility is limited to the 
neighbourhood where it is found owing to the cost of pipe-lines to trans¬ 
port it to any great distance. It is largely used in some districts in 
America for town lighting as well as power generation. 

Oil gas^ is a gas which was formerly made in large quantities for the 
lighting of railway trains. It is produced by the 'cracking’ of oils by 
heating them to a temperature between 700'’ and 900° C. in a closed 
retort, the cracking temperature being varied according to the density 
of the gas required. Its composition is not unlike that of natural gas, 
but it contains, besides methane, a considerable proportion of ethylene, 
C 2 H 4 , and other higher hydrocarbons which give it a greater density 
and calorific value per cubic foot than natural gas. Its density can be 
varied according to the cracking temperature between limits of about 
0*72 and 1*05, relative to air. 

As an example of the chemical equation representing the combus¬ 
tion of a gaseous fuel we will take the typical coal gas of which the 
composition is given in table 5. We will further assume that of the 
22*5 per cent, of hydrocarbons given in column 2 , 21 per cent, was 
methane, CH 4 , and that the other 1*5 per cent, was benzene, C^He. 
If an analysis of the gas showed that it contained other more 
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complicated constituents the equation could be extended accordingly, 
but as a rule such refinements are not necessary. 

Remembering that the number of molecules of each gas in the 
equation is to be proportional to the volume of each constituent, we 
write down the equation as follows for one mol. of the gas with just 
enough air to oxidize the carbon and hydrogen in it completely to CO 2 
and H 2 O. Since the total volume of all the constituents of the gas is 
to add up to 1 mol., the numbers of molecules of each constituent are 
conveniently taken as equal to the fractions of a mol. of each one 
present, according to the percentage composition given in table 5, thus 

(gas) 

[0-48H2+0-2lCH4+0015CeHe+019CO+006N2+0045C02] 

(Am) 

+[0*867502+3-263N2] 

(From gas) 

= [006N2+0045C021+0-945H20+0-49C02+3-263N2 

= 0*946H20+0-635C02+3*32N2. (28)t 

We can from this equation immediately write down the change of 
specific volume of the fuel-air mixture which has occurred on combus¬ 
tion, for if the total number of molecules before and after are added 
up, the total before combustion will be found to be 6-13 as compared 
with 4^80 for the final mixture. The rAtio of specific volumes is there¬ 
fore 0*936, and we find there has been a contraction of 6*4 per cent, on 
combustion. 

In order to calculate the calorific value of the coal gas we have to 
know either the heats of combustion, or the heats of formation, of 
the two hydrocarbons CH 4 and C 4 H 4 , The heats of combustion can be 
applied directly to find the heat generated when the chemical reaction 
represented by equation (28) takes place or, if we have the heats of 
formation, then equations (24), (26), and (27) of the last article can be 
used to ascertain that 

the formation of 1 mol. of H 2 O vapour yields 57,820 C.H.U. 

„ „ 1 „ CO 2 from C (graphite) yields 94,270 „ 

„ „ 1 „ CX )2 from CO yields 67,610 „ 

During combustion of the gas, 0*30 mol. of COg was formed from 

t Dusooiatioa is for the preeeat neglected. As will be shown in art. 24 these products 
of combustion would at t^ maximum temperature contain a certain proportipn of 
hee oxygen and unoomHned CO and His. Complete combustion to COg and HgO would 
not be achieved until alter the temperature had fallen somewhat on account of expansion. 



III. 15] 


GASEOUS FUELS 


47 


carbon and 0-19 from CO. Therefore during the combustion of 1 mol. 
of the coal gas there were 

0-945x67,820 = 54,650 C.H.U. produced by formation of HgO 
0-3x94,270 = 28,280 „ „ „ of CO^ from C 

0-19x67,610 = 12,850 „ „ „ of COg from CO 

95,780 

This gives a total of 95,780; but the heat of combustion of 1 mol. of 
the coal gas is less than this because heat is given out to the extent of 
18,150 C.H.U. per mol. when methane is formed from C (graphite) 
and 2 H 2 , and the breaking up of the CH 4 molecules will absorb the same 
amount of heat. Liquid benzene from C (graphite) and hydrogen has 
a negative heat of formation of 11,600 C.H.U. per mol. and this will be 
increased by 104x78 =i: 8,100 when the benzene is in vapour form. 

After subtracting 0-21 x 18,160 and adding 0-015 X 19,700 we arrive 
at the net total of 92,260 C.H.U. as having been produced by the com¬ 
bustion of 1 mol. of the gas. One mol. is 359 cubic feet at N.T.P., and 
we therefore obtain 257 C.H.U. per standard cubic foot as the lower 
calorific value of the gas. 

Other useful data which can be readily obtained from the equation 
are the density of the gas, and the ratio of gas to air in the ‘correct* 
mixture, that is to say the mixture represented in equation (28), where 
combustion is complete as regards both fuel and air; all carbon and 
hydrogen having been oxidized to CO 2 and H 2 O respectively, and no 
free oxygen remaining. This ratio by volume of gas to air can be read 
off at once from the number of mols. of gas and air, namely 1 and 4*13, 
before combustion, so that the fuel-air ratio in the correct mixture is 
1 : 4* 13. To obtain the density of the gas it is only necessary to multiply 
the number of mols. of each constituent by its moleculaj* weight. This 
gives 14*47 as the total weight of 1 mol. of the gas. But the weight of 
a mol. of air is 28*95 (see art. 3), and therefore the density of the gas 
relative to air is 0*50. 

Abt. 16. Liquid fuels 

Although there is no clear line of demarcation between them, it is 
convenient to divide liquid fuels into the volatile and non-volatile 
classes. The former are those fuels which are normally used with a 
carburetter, and are carried into the engine cylinder with the air in a 
partially evaporated condition. The non-volatile class are the ‘heavy 



48 


FUELS AND THEIR COMBUSTION 


[III. 16 


oils’ which are used in the Diesel type of engine by squirting into the 
cylinder through a spraying nozzle. For the present we shall be con¬ 
cerned with the volatile fuels only, discussion of the non-voIatile class 
being deferred until art. 21, p. 56. 

All of these, with the exception of alcohol, which contains some 
oxygen, are mixtures of what are called Hydrocarbons. These hydro¬ 
carbons, all similar in so far as their molecules contain nothing but 
carbon and hydrogen atoms, differ among themselves as to (a) the 
arrangement, and (5) the number, of atoms in their molecules. Differ¬ 
ence of arrangement divides the whole field of hydrocarbons with 
which we are concerned into certain characteristic families, the most 
important being the Aromatics, the Naphthenes, and the Paraffins. 
The compounds in the first two of these families are of a type known as 
^ring compounds’ and those of the second are ‘straight chain’ com¬ 
pounds, these names being representative of the way in which the 
carbon atoms are associated in the molecules. The difference of arrange¬ 
ment is illustrated diagrammatically below, where an. aromatic, 
Benzene, and a nomaZ-paraffin,t Hexane, each with six carbon atoms 
in the molecule, have been taken as typical examples of a ring and 
a chain compound. 


Ring compounds, 
e.g. benzene, C 
and H atoms asso¬ 
ciated thus: 


Straight chain compounds, 
e.g. hexane, C and H 
atoms associated thus: 


CH 


OH 

CH 



CH 


H 


H H H H H H 

(Uj— 


. , I J I I 

H H H ft H H 


Besides tbe aromatios, naphthenes, and paraffins there are found also 
in those petrok which are produced by cracking processes considerable 
quantities of the Olefine family. 

Each family of compounds has well-defined characteristics both as 
to their chemical reactions, and behaviour in an engine. As regards 
engine performance, the important feature in which they differ is in 
readiness to detonate, or knock. In this req>eot it is interesting that 

t Referanoes for the present are to n-paraffins only. The different oharaoteriatics 
exhibited by some of the isomeric paraffins, in which a single straight chain is replaced 
by branching chains, are referred to in arts. 19 and 29. 
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the ring compounds, aromatics and naphthenes, are superior to the 
rest. The aromatics are by far the best, the n-paraffins the worst, and 
naphthenes occupy an intermediate position. Olefines when freshly 
manufactured are good from an anti-knock point of view, but are 
somewhat unstable, and so difficult to obtain otherwise than as admix¬ 
tures with the other types that their characteristics have not been 
quantitatively worked out. The olefines are of a class known as 
^unsaturated’ bodies, by which is meant that the number of hydrogen 
atoms in the molecules, in relation to the number of carbons, is not 
sufficient to satisfy all the valencies of the associated carbons, with the 
result that as a class the olefine molecules are chemically very active 
and exhibit a tendency to ‘polymerize* or join together and form 
larger and more complicated molecules. When freshly manufactured 
the olefines make an excellent fuel, but during storage, more particu¬ 
larly under the influence of light and warmth, their tendency to poly¬ 
merize may lead to the formation of gumlike substances which, in 
sufficient concentration, would render a spirit unsuitable as an engine 
fuel. The polymerizing tendency, however, varies greatly for different 
olefines, and it has been found possible to ‘ crack ^ the higher paraffins 
to olefines under conditions in which almost no polymerizing bodies 
are formed. 

In each family there is a range of bodies, differing as to the number 
of atoms in the molecule; and in each family, as the number increases, 
the boiling-point of the substance is found to be higher. Benzene, with 
six carbon atoms, is the smallest molecule of the aromatic family, but 
the paraffin family starts at methane, .with one carbon atom, and the 
first four members of it are gases at ordinary temperatures. Table 6 
gives the formulae, specific gravities, and boiling-points of certain 
members of each series which are of major importance in volatile fuels 
for internal combustion engines. An average good class of aviation 
spirit would contain some 50 per cent, of mixed paraffins between 
pentane and decane, 30 per cent, of aromatics, and 20 per cent, of 
naphthenes. Cyclohexane is the only one of the latter class given in 
the table since it is typical, and also it is the only one which is available 
in bulk and of good purity, so that its characteristics in an engine have 
h&bn separately determined. The naphthenes as they occur naturally 
in petrols are extremely difficult to separate from the other con- 
srituents, but cyclohexane is now produced synthetically in consider¬ 
able quantities. 



50 


FUELS AND THEIR COMBUSTION 


[III. 16 


TABLE 6 

Hydrocarbons of^ different types and boiling-points which go to 
make up a volatile liquid fv£l. 

{Data from Landolt and Bornstein's 'Tabdlen') 


Pabaffin 



Formula 

Density 
at 20 ° C. 

Boiling- 

point 




°C. 

Methane 

CH 4 

gas 

-164 

Ethane 

C,H, 

»» 

-88-3 

Propane 

CA 

*» 

-44-6 

Butane 

C 4 H., 

*» 

0-6 

n-Pentane 

C.H,. 

0-6263 

36-0 

n-Hexane 

C.H,. 

0-660 

68-7 

n-Heptano 

C,H,. 

0-684 

08-4 

n-Octano 

CgHjg 

0-7027 

125-6 

n-Nonane 

C.H., 

0-718 

160-7 

n-Decane 

C..H„ 

0-730 

174-0 

General 




formula 





Aromatic 


Benzene 

C.H. 

0-879 

80-0 

Toluene 

C,H, 

0-866 

110-5 

m-Xylene 

C,H„ 

0-864 

139-2 

General 




formula 





Naphthene 


Cyclohexane 

General 

C,H„ 

0-7784 

80-9 

formula 

C.H,. 




A typical distillation curve for a volatile spirit is given in fig. 10 . 
There is a small proportion of very volatile spirit which begins to distil 
over at 35® C, This is very valuable for promoting easy starting in cold 
weather. The bulk of the spirit distils over at temperatures between 
60® and 120 ® C., and only a few per cent, of the ‘heavy fractions^ 
remain by the time the temperature has reached 160® C. The ‘end 
point" comes at about 180® C. 

Each of the series of comiiounds shown in table 6 continues right 
on, with rising boiling-points, through kerosenes and Diesel fuel oils. 
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until we come to the constituents of the mineral lubricating oils which 
have boiling-points in the region of 400°-500°C.t Accurate analysis 
of any but the volatile fractions is at present beyond the skill of the 
chemist, but even the heavy lubricating oils exhibit a characteristic 
behaviour in any engine according as they are derived from ‘paraffin 
base’ or ‘naphthenic base’, or other types of crude oil. 



Fio. 10. Typical distillation curve for aviation spirit. 


The crude oil aa it comes from the wells contains every variety of 
hydrocarbon, from thick, tarry stuff, down to methane, which is blown 
off as a gas in enormous quantities. The crude oil is heated in a stiD, 
and the various ‘fractions’ which distil over are condensed in different 
receivers according to their boiling-points, and the purposes for which 
they are to be used: the light petrol first, then the kerosene fractions, 
then gas-making oils and fuel oils, and finally the lubricating oils. 


Aet. 17. The constitution of ‘benzol’ and ‘petrol’ 

These are both colloquial terms which are used for substances of 
which the composition may vary very widely. Broadly speaking, how¬ 
ever, benzol is a mixture of the first three members of the aromatic 
series, ohiefiy benzene, while petrol contains members of three, and 
possibly four, different families of hydrocarbons, with a preponderance 
of the paraffin series. It is only petrols produced by a ‘cracking 
process’ which in general contain members of the olefine series. 

t Most of the constituents of a lubricating oil would probably begin to decompose 
before any true boiling-point was reached. 
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Aromatics are very much superior to n<paraffins in regard to the 
important matter of their tendency to detonate. Naphthenes and 
olefines, in this respect, occupy an intermediate position between the 
other two. To set against the virtues of the aromatics in regard to 
detonation, their chief member, benzene, has the comparatively high 
freezing-point of +6-4° C. and a calorific value per pound about 10 
per cent, lower than the paraffins. In spite of these drawbacks a certain 
proportion of aromatics is practically essential in any fuel for a high- 
duty engine, unless some ‘dope’ is used in their stead. 

The superiority of petrol derived from wells in certain parts of the 
world such as Borneo lies in the fact that the oil as it comes from 
the wells happens to contain an unusually large proportion of the 
aromatic series. Petrol firom the Persian wells, on the other hand, 
contains a large proportion of the paraffin series, little of the naphthenes, 
and only 10-12 per cent, of the aromatics, and benzol, therefore, or 
other material to inhibit detonation, has to be added in order to bring 
this petrol up to the standard required to-day. The addition of benzol 
to petrol simply increases the proportion of aromatic hydrocarbons of 
which the natural petrol already contains a certain amount, which 
depends upon its country of origin. The proportion of aromatics cannot 
be increased beyond about 50 per cent., if the fuel is to be used in condi¬ 
tions where it may be cooled to temperatures below about —20® C., on 
account of the danger of their separating out as solids and so blocking 
fuel pipes and carburetters. 

Art. 18. The sources of petrol and benzol 

After removal of the more volatile fractions from the crude oil by 
direct distillation, that which remains behind would become a drug 
upon the market unless some use could be found for it. In consequence 
the method of treating the heavier fractions by ‘cracking’ has become 
more and more prominent in recent years. It has been found thkt if 
the heavy fractions are passed through tubes at a high pressure and 
temperature, and in the absence of air, the products which finally 
emerge contain quite a large proportion of the lighter fractions suitable 
for petrol. Under the high pressure and temperature of the cracking 
plant the large molecules become split up into two or more smaller 
ones of low boiling-point hydrocarbons. The cracking can be made 
to take place while the oil, during its passage through the plant, is 
either in the liquid or evaporated condition (‘liquid pheuse’ aiui Vapour 
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phase’ processes) by manipulation of the pressures and temperatures 
of the plant. The products of the cracking process usually contain a 
large proportion of the unsaturated olefine series, which if diluted with 
straight run spirits form an excellent engine fuel, but have an evil 
propensity to form gummy substances during storage. The gums which 
are deposited are derived from a kind of reverse of the cracking process 
—an agglomeration of small molecules to form large and complicated 
ones—^which can be minimized by careful purification and by the 
addition, of substances which act as chemical stabilizers; but no really 
satisfactory, or at least satisfactorily cheap, way of treating cracked^ 
spirits has so far been worked out for rendering them suitable for 
high-duty engines when not diluted with straight-run spirits, for the 
gum formation to which they are liable is always accompanied by a 
serious decrease in the anti-knock value. There is always the danger, 
also, that the gummy substances will be deposited upon the stems of 
inlet valves and lead to the valves sticking open. 

Coal is composed, besides carbon, of a wide range of hydrocarbons 
from thick, heavy tars up to benzene and other volatile spirits, which 
can be distilled off by heating, and collected, much as they are ftfter 
distillation from crude oil. Distillation from coal is the chief source of 
benzol, for the volatile fractions collected are found to consist almost 
wholly of members of the aromatic series. The products of the distilla¬ 
tion vary according to the temperature at which it is carried out. From 
high-temperature retorts, at about 1,350° C., the products are a dry 
coke and coal gas, which consists of a large proportion of hydrogen and 
carbon monoxide, with a comparatively small proportion of benzene 
and other hydrocarbons. If the coal is distilled at a lower temperature, 
not higher than 650° C., the process yields ‘coalite’, which still retains 
a fair proportion of the heavy hydrocarbons; a large proportion of 
distilled hydrocarbons extending over a wide range of boiling-points; 
and very little hydrogen. The hydrogen in coal gas is derived from the 
breaking up of hydrocarbons during the high-temperature distillation, 
apart from a small amount of free hydrogen which is present in the 
coal. 

Art. 19. Synthetic petrol 

A process for syntheshnng hydrocarbons by the reaction of hydrogen 
^th coal has been developed both here and in Germany, and many 
thousands of tons of petrol per annum are now ^uoduced in this way. 
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'The importance of the process to this country lies in the fact that it is 
able at the same time to utilize our coal resources and to set us free 
from the present necessity of importing nearly all our liquid fuel. In 
this process hydrogen, at a pressure of about 250 atmospheres, is 
brought into contact with powdered coal in retorts at a temperature 
of 450''-480° C., in the presence of a catalyst. Direct combination of 
the carbon and hydrogen takes place, with the formation of a great 
variety of hydrocarbons. The powdered coal, before being introduced 
into the retorts, is mixed into a paste with heavy oils which are them¬ 
selves products of the hydrogenation process. In this way a continuous 
procedure is maintained: coal and the heavy products of previous 
hydrogenation are continuously introduced into the retorts, to yield 
liquids of every degree of volatility. Of these the volatile fractions 
are drawn olF and separately condensed while the non-volatile which 
remain behind are made to serve their turn as the vehicle for intro¬ 
ducing further coal. The process is fraught with practical difficulties, 
not the least of which is that of obtaining a material for the retorts 
which will withstand the severe conditions for a reasonable length 
of time. 


TABLE 7 


Showing yidd of products from the hydrogenation of 1 ton of coal. 


Quantity of hydrogen used 114 lb., or 5*1 per cent, of the weight of coal. 


lb. 


Fraction 0-170'* . 

, 


83> 

„ 170-230° . 



. 208 

„ 230-270° . 



. 197 

270-310° . 



. 106 

„ 310-360° . 



. 208 

Pitch 



. 329, 

Gas benzene . 



42 

Gas 



. 325 

Unconverted coal . 



. 363 

Water . 



. 179 

Coal ash 



. 161 

Loss 



. 154 

2,3^ 


1,130 lb. of ash-free dry 
product per ton of coal. 


OfGlcial figures® from an experimental plant are given in table 7, 
from which it will be seen that although from one ton of coal about 
I ton of liquid hydrocarbons of some sort were obtained, thrae were 
only 83 lb., or about 10 gallons, of spirit with a boiling-point below 
170° C. 


The working of a large-scale commercial plant has been described by 
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Gordon,** who states that to produce 1 ton of petrol 3-65 tons of coal 
are required; and that the overall thermal efiSciency of the plant works 
out as 43 per cent., taking 8,050 as the calorific value of the coal and 
11,000 as that of the petrol produced. 

The type and the yield of the light spirits can be varied to some 
extent by alteration of the catalyst, of the temperature of the retorts? 
and of the rate of feed of the raw materials. And it may also be in¬ 
creased by further treatment of some of the less volatile products of 
the primary hydrogenation, either by simple cracking or cracking 
combined with further hydrogenation. These extra treatments, how¬ 
ever, all increase the cost of production. Although the production of 
motor spirit from coal on a large scale is now technically an accom¬ 
plished fact, experience, or at any rate published information, is not 
yet sufficient to make it possible to draw concl^usions as to the basic cost 
of production compared with petrol from the oil wells. The two main 
factors in the cost of synthetic petrol are (a) the expense of producing 
the necessary hydrogen, in the first place, and (6) the large capital 
expenditure on the huge steel retorts, or converters, and their acces¬ 
sories, capable of withstanding a pressure of 250 atmospheres. 

Apart from this synthesis from coal, the demand for fuels of very 
high * anti-knock’ quality has led to the synthesis of certain special 
compounds on a large scale for admixture with the ordinary products 
of distillation, of which the most important is iso-octane. This is an 
isomer of the normal octane, a straight-chain paraffin, in-which the 
single chain of eight carbon atoms is replaced by a 5-atom chain with 3 
methyl (CH 3 ) groups attached. It is produced by hydrogenation of 
di-ik>-butylene, a compoimd usually obtained as a by-product from 
the cracking process. Another special compound which may be pro¬ 
duced in sufficiently large quantities to be important is iso-propyl-ether. 

Art. 20. The alcohols as fuels 

Mention must be made of methyl alcohol, CH 4 O, and ethyl alcohol,, 
C 2 H 3 O. Although at present not extensively used as engine fuels, the 
alcohols might at any time assume a vast importance if the supply of 
the plain hydrocarbon fuels should fail, for they can fairly easily be 
maniufacttueki from vegetable matter, |tnd are even now manufactured 
on a large scale from water gas, both in this country and abroad, by 
high-pressure synthesis in the presence of a catalyst. We shall see, too, 
that tike alcohols exhibit certain unique and most valuable properties 
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when used in an engine which even now, in spite of their high cost, 
lead to their employment for special purposes. 

Both ethyl and methyl alcohol are highly volatile liquids, having 
boiling-points of 78° and 65° C. respectively. Their specific gravities 
are each about 0-79 ;t and a further point of interest lies in their latent 
heats of evaporation which are about three and three and a half times 
that of petrol respectively. 

The great weakness of the alcohols as fuels is their low heating value. 
The burning of one pound of commercial ethyl alcohol only produces 
6,360 C.H.U., as against about 10,000 for petrol. Apart from the quite 
unavoidable result of having to carry about 60 per cent, greater weight 
of fuel with an engine to achieve the same total effect, this means 
that to compete with petrol on a basis of cost, alcohol would have to 
be purchasable at about two-thirds of the price, instead 6f, as at 
present, about three times that figure. 

Art. 21. Non-Volatile liquid fuels 
The recent rapid development of the high-speed compression-igni¬ 
tion engine has made it clear that the characteristics of the fuel used, 
both chemical and physical, may be no less important in their effect 
upon the performance of this type of engine than they are in the 
petrol engine. 

A discussion of the combustion phenomena in the compression- 
ignition engine, and their relation to the nature of the fuel used, will 
be found at the end of Chapter V. The present article will be devoted 
to a short review of the characteristics of the non-volatile cl 6 U 9 S of fuels> 
appropriate to this type of engine. Until recently there has been little 
exact information available, and even now it is very incomplete, 
largely because the analysis of an oil into its constituents, each in a 
pure state, becomes progressively more difficult as boiling-points and 
molecular weights increase. 

The sources of the non-volatile or *heavy-oil^ of fuel are 

generally the same as those of petrol, except that a considerable 
quantity of 'shale oil’ is derived from the distillation of shale, and this 
is a source which yields very little of the volatile spirits. Both physi¬ 
cally and chemically the shale oUs can be matched by very similar oils 
produced in the normal way by distillation from crpde oils, and the 
shale-oil industry is therefore to be regarded simply as a modest 

t The commercial apirita are alwaya rather hig^her owing to the preaenoe of water. 
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additional source of supply of a certain chemical type of oil. It forms 
a satisfactory engine fuel, and has the added interest of being the only 
natural oil available in this country. 

If one includes the slow-rimning engines, the range of volatility and 
viscosity of the fuel oils is very wide indeed, for engines can be built 
which will bum almost any oil that is fluid enough to be injected through 
a nozzle. High-speed engines, however, are limited to the less viscous 



Fig. 11. Typical distillation curve for high-speed Diesel engine fuel. 

oils. It was stated in art. 16 that the ‘end point’ for a volatile spirit 
to be used in a carburetter would be about 180® C., and for aviation 
spirit it is usually limited to about 160® C. As compared with this, the 
distillation range for heavy oils begins at about 215®~220®C. and 
finishes in the neighbourhood of 350® C. for high-speed engines, although 
in some designs the final boiling-point may be considerably higher. 

A typical distillation curve of an oil which has been largely used in 
high-speed engines is shown in fig. 11. It must be added that such a 
curve may have a much less definite meaning for a heavy oil than it 
has for a volatile spirit, because it is very possible that decomposition, 
by cracking of the larger into smaller molecules, may occur at the 
higher temperatures. Most heavy oils, for this reason, leave a consider¬ 
able weight of solid residue behind, when the final boiling-point has 
been reached. The vapours distilled, once cracking has begun, will of 
course be chemically quite different from the original oil. 

In almost every respect the desirable qualities in a heavy oil are the 
reverse of those in a volatile epiiit. A high volatility and a high tem- 

m7*9 I 
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perature of spontaneous ignition, or ‘self-ignition temperature’ (S.I.T.), 
which are both virtues in a volatile spirit, are to be avoided in a fuel for com¬ 
pression-ignition engines; and this makes the greater chemical stability 
of the aromatic series, so welcome in benzol, an almost prohibitive draw¬ 
back to having any large proportion of aromatics in a heavy-oil fuel. 

It has been said above that the boiling-point range among the heavy 
oils used for direct injection may be wide; but this does not mean that 
in any one fuel it is not an advantage to restrict the range within certain 
limits. What the limits should be will depend upon the speed and type 
of engine it is intended for and upon the question of cost; for a ‘narrow 
cut ’ is necessarily more expensive, and may be prohibitively so. 

For high-speed engines the most satisfactory boiling-range will 
probably be about 220°-350° C., with a distillation curve as shown in 
fig. 11. A less volatile oil will tend to be inconveniently viscous at low 
temperatures for high-speed operation of fuel pumps and injection 
nozzles; while, on the other hand, it has been suggested that an oil 
is the more prone to produce ‘Diesel knock’ (the equivalent of detona¬ 
tion in a petrol engine) the greater its volatility, and this, therefore, 
makes a high initial boiling-point a desirable feature. Moreover, a low- 
viscosity oil may be expected to lead to more rapid wear in the fuel pumps: 
an important point, since the correct metering of the fuel to the cylinders 
depends upon the maintenance of very fine clearances in the pumps. 

Since the oil has to be ignited in the engine cylinder by the heat of 
compression of the air only, a low self-ignition temperature is of 
primary importance. If a laboratory apparatus could be devised for 
examining the S.I.T. of oils which reproduced satisfactorily the condi¬ 
tions of self-ignition in an engine cylinder, it is probable that fuels might 
be graded for suitability and smooth running in terms of this one pro¬ 
perty. Actually, however, it has been found advisable to fall back on 
their behaviour in a test engine for assessing the quality of fuels, 
comparing them with the behaviour of mixtures of two pure standard 
substances, cetene and cx-methylnaphthalene, the one a good and the 
other a bad fuel.®®* ^ The ‘rating ’ of the fuel is expressed as its ‘ cetene 
number’, i.e. the percentage of cetene in the mixture giving similar 
performance to the fuel to be tested, just as the ‘octane number’ 
indicates the quality of a volatile fuel in regard to detonation. It has 
been found possible to grade the majority of t 3 rpes of Diesel fuel satis¬ 
factorily in this way, but Boerlage®® and others have pointed out that 
wher6 ‘dopes’ have been added to lower the S.I.T. of the fuel the only 
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conclusive test of quality will be one made on the engine in which the 
fuel is to be used. 

The nearest approach to a satisfactory S.I.T. apparatus for heavy 
oils is probably that described by Helmore®^ in which a fine jet of the 
oil is sprayed into heated air at atmospheric pressure and of known 
temperature. Although the apparatus cannot be trusted to give a 
satisfactory method of grading fuels any more than an observation of 
the ‘aniline point’, it serves to bring out an important characteristic 



Fig. 12. Variation of ignition delay with temperature. 

of the combustion of such fuels. For example, no simple observation 
of the temperature at which ignition occurs can be made, because it is 
found that large errors will occur unless the time-interval between the 
moment of injection and the moment of ignition is taken into account. 
There is, for every oil, a limiting temperature below which it will 
never ignite, but if the air into which it is injected is only slightly 
hotter than this, the spontaneous ignition may occur only after several 
seconds delay. An important source of uncertainty in the working of 
the apparatus is the extent to which surface effects at the hot walls of the 
containing vessel may promote ignition with some oils more than others. 

The delay, or induction period, before ignition is of the greatest im¬ 
portance in the burning of all hydrocarbon fuels, and much will be 
heard of it in the later chapters of this book. The curves of fig. 12 show 
the observed values of the delay before ignition for several oils when 
tested in Helmore’s apparatus. It will be seen that the minimum tem- 
pc^ture at which spontaneous ignition would occur varied from 
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340° C. for oil A to 485° C. for oil D. Ignition only occurred at these 
temperatures after 3 or 4 seconds delay, and even when the air into 
which oil A, for example, was injected was as much as 60° C. above the 
minimum ignition temperature, there was a delay of 0'6 sec. between 
injection and ignition. 

At a temperature of 600° C. there is little to distinguish the different oils 
from one another, but as the temperature is lowered the delay of each one 
before ignition rapidly increases when its minimum S.I.T. is approached. 

It may be objected that delays of a second or more can bear little 
relation to behaviour in an engine where combustion is complete in a 
few thousandths of a second. There is a good deal of evidence, however, 
that the characteristics at any rate of the mineral oils, as expressed by 
their S.I.T.s and delay periods observed at atmospheric pressure in the 
way described, can be correlated with engine performance, in spite of 
the speeding-up process in the cylinder. Of the four oils shown in 
fig. 12, that marked A, with S.I.T. 340° C., was a high-grade Persian 
gas oil with a high percentage of paraffins, excellent for smooth running 
in an engine; B was a shale oil, also with a high percentage of paraffins 
and nearly, but not quite, as satisfactory in most engines as oil A; 
C was an oil from a crude with a high proportion of aromatics, and 
was found to be very unsatisfactory as an engine fuel; while D was a 
creosote, or coal-tar, oil, distilled from coal, which could not be made to 
ignite in an engine at all when tried as a fuel by itself. 

From comparative data given by Dicksee^® on the behaviour of a 
number of oils in the same type of engine it is clear that the satis¬ 
factory oils are those which combine an S.I.T. in the neighbourhood 
340°-360° C. with a comparatively low specific gravity, between 0*82 
and 0*86. The higher density oils, with specific gravities from 0*86 to 
0*94, are those which contain a larger proportion of aromatics and 
naphthenes. These all have S.I.T.8 ranging from 380°-476° C. and their 
classification as regards their behaviour in the engine ranges from 
‘ poor ’ to ' very bad 

Art. 22. Calorific values and latent heats 

By calorific valuef is meant the heat measured in a calorimeter when 
unit weight of a fuel is burnt with air or oxygen, and the products of 

t If the volume of the producta of combuetion differs from that of the origmal un- 
burnt constituents, then a distinction should be drawn between determinations of 
calorific value made at constant pressure and those made at constant volume, for in the 
former case the result is affected by work done on or by the atmosphere. 
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combustion are cooled down to room temperature. In these circum¬ 
stances the measured heat value includes the latent heat of condensa¬ 
tion of the water vapour formed by combustion of the hydrogen in 
the fuel. Take away this latent heat and we get the heat available from 
the reaction when the final product is loater vapour. But it is in this 
form that the HgO is expelled from the engine, for the exhaust gases 
are far above the condensation temperature. It is therefore customary, 
when calculating the heat supplied to an engine, to use this ‘lower 
calorific value^ which may be roughly defined as the heat measured in 
a calorimeter at room temperature, less the latent heat of evaporation 
of the water formed during combustion. This heat amounts to 15*4 
per cent, of the gross heat of combustion—at constant pressure—of the 
hydrogen in the fuel. 

The heat-producing part of nearly every fuel we are concerned with, 
liquid or gaseous, is either hydrogen by itself or carbon and hydrogen 
combined in the molecule of a hydrocarbon. The alcohols and carbon 
monoxide are the only exceptions. It has been mentioned that, as 
compared with other liquid fuels, alcohol has a very low heat value, 
and we may regard this as being due to the fact thAt some of its 
combustible material is already combined with oxygen in the fuel 
molecule itself, so that it is not available for producing heat by oxidation 
with air. 

All liquid fuels are evaporated before they are burnt in an engine 
cylinder, and we need no longer think of them as different from gaseous 
fuels except in one particular: the possession of a latent heat of evapora¬ 
tion. This affects matters in two ways. In the first place it introduces 
a modification into the figure we must take as the effective calorific 
value of the fuel. We have seen above that when calculating the heat 
supplied to an engine we must subtract from the calorific value, as 
measured in a calorimeter, the latent heat of the water formed by con¬ 
densation after combustion. In addition to this correction the latent 
heat of the fuel itself comes in in the foUowing way. Part of the heat 
developed during combustion in a calorimeter is u^d up, when the fuel 
is a liquid, in turning the liquid into a vapour. In other words, if the 
same fuel had been supplied to the calorimeter in the form of a vapour, 
a higher heating value would have been recorded, by an amount equal 
to the latent heat of the liquid fuel. Now when'a liquid fuel is supplied 
to an engine by means of a carburetter it is, in effect, supplied in the 
fc»rm of a vapoiur because evaporation is practically always complete 
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by the time the inlet valve has closed. In estimating the heat supply 
to the engine cylinder, therefore, we must, when dealing with a volatile 
liquid fuel, add to the lower calorific value the latent heat of the fuel 
itself. In the case of pure benzene, for example, the lower calorific 
value is 9,612 C.H.U. per lb., and the latent heat 97 C.H.U. The 
effective heating value to be taken in engine calculations is therefore 
9,710t C.H.U. per lb. The foregoing argument applies only to carburetter 
engines employing volatile liquid fuel. In engines of the Diesel type, 
where the fuel is injected into the cylinder in the liquid state, the avail> 
able heat per pound of fuel supplied is simply the lower calorific value. 

The second effect of the latent heat of a liquid fuel is in cooling the 
fuel-air mixture as it passes from the carburetter into the cylinder. 
As already stated, evaporation is substantially complete, with all fuels 
except alcohol, by the time the inlet valve is closed, and meanwhile 
the latent heat of evaporation has been supplied partly from the hot 
induction pipes, valves, and cylinder walls, and partly by the incoming 
air itself. That part of the necessary heat which has been drawn from 
the air is sufficient to produce a considerable lowering of its tempera¬ 
ture. As regards the drop in air temperature, when the whole of the 
heat is drawn from the air and evaporation is complete before the inlet 
valve closes, if temperature of evaporation is taken as 10° C. we get 

drop for correct air-benzene mixture = 33° C., 
drop for correct air-heptane mixture = 25° C. 

The drop for a petrol-air mixture would be a little more than for 
heptane, depending on the percentage of aromatics which it contains. 
Ethyl alcohol has at 10° C. a latent heat of 223 C.H.U. per lb., or about 
2 J times that of an average petrol. In consequence it forms an excep¬ 
tion in that, although of high volatility, it is as a rule impossible to get 
sufficient heat supplied to the mixture to evaporate all the fuel before 
the valve closes. 

This cooling by evaporation of the fuel has a very appreciable effect 
on the maximum power output with all liquid fuels, and in the case of 
alcohol the cooling is so large that it also raises the thermal efficiency 
of an engine above the best obtainable on petrol at the same compres¬ 
sion ratio, through a lowering of the temperatures of the working sub¬ 
stance all round the cycle. 

Data in regard to the heats of combustion of both liquid and vapour* 
t Or less at 100^ C. 
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ized fuels are given in tables 39 and 40 on pages 2S4 and 285, and these 
should be studied in connexion with the further note on calorific values 
in art. 25. 

Art. 23. Combustible mixtures 

One example of a chemical equation, representative of the combus¬ 
tion of an average coal gas with air, has already been given in art. 
15. In the reaction there represented, just enough air was associated 
with the fuel for all the hydrogen of the mixed hydrocarbons to be 
burned to water and all the carbon to carbon dioxide. When this is so, 
the fuel-air mixture is said to be ‘correct '. If there be not enough air 
with the fuel in a combustible mixture to allow of complete oxidation 
the mixture is ‘rich' (in fuel), and if there is more than enough air, so 
that free oxygen remains after combustion, it is ‘weak’. The ratios by 
weight and volume of the fuel to air in the correct mixture will depend 
upon the nature of the fuel, but for any fuel and any mixture strength, 
once the chemical equation is written down, the combining proportions 
can at once be ascertained. 

As examples of the combustion of liquid fuels, let us take two which 
for simplicity will be assumed to be pure benzene, CgHg, and pure 
heptane The one is the chief constituent of benzol and the other 

a typical member of the paraffin series in petrol. Complete combination 
of the fuel and air would take place according to the equations: 

20 ^ 11 ^ (vapour) + 1502+5fi'4N2 

wts. 156 2060 

vols. 2 71*4 

= 12 C 02 -f- 6 H 20 (vapour) +56-4N2+l-515t X lO® C.H.U. 
2216 

74-4 (29) 

2 C 7 Hie (vapour) + 2202 + 82 - 8 N 2 

wts. 200 3020 

vols. 2 104-8 

= 14CO2+16H2O(vapour)+82-8N2+2154xl0« C.H.U. 

3220 (30) 

112-8 

In these equations, as before, the left-hand side shows the associated 
weights and volumes of fuel and air before combustion, and the right- 

t This value, which has been used throughout this book, is about 0-34 per cent, less 
tiuui the probable value. 



64 FUELS AND THEIR COMBUSTIpN [IH. 23 

hand side the products after combustion is complete. The particular 
values given for the heats of combustion in these equations are those 
which apply when the initial temperature of the ‘mixture’ on the 
left-hand side is 100° C.—the reaction proceeds in such a manner 
that no energy is communicated to, or received from, the surrounding 
atmosphere, e.g. in a closed vessel—and the final temperature of the 
products of the combustion is 100° C. Such calorific values are required 
in connexion with the calculation of maximum explosion temperatures 
in the next article—calculations in which we determine, .in effept, 
what the condition of these products would be in regard to temperature, 
pressure, dissociation, etc., if these specific quantities of heat were re¬ 
imparted to them. 

The combustion of a rich or a weak mixture may be represented, say 
for benzene, by writing 

2( 1+a)CeHe+ IfiO^-f 56 

= ^C02-fjBC0+CH20-f-Z)H2+JS02+56*4N2 (31) 

in which a is the ‘degree of richness’. If the mixture is 5 per cent, 
rich, <x = -fO-05; if it is 5 per cent, weak, a = —0*05, and so on for 
other percentages. 

What the coefficients A, J5, C, D, E will be, that is to say what will 
be the proportions of the various gases in the products of combustion, 
will depend upon the temperature, and to a less extent the pressure, 
produced by the combustion. Were it not for the phenomenon of 
dissociation there would never be in the same mixture pure oxygen 
together with hydrogen and CO, But, as stated in Chapter II, a pro¬ 
portion of the CO 2 and HgO molecules will become split up into CO, 
H 2 , and O 2 when temperatures are high; and the proportion dissociated 
increases rapidly above 2,700° C. At these temperatures the three 
gases exist together in equilibrium. As soon as the temperature in the 
cylinder falls, on account of expansion, recombination will take place 
so to leave some residual oxygen if the mixture is weak and CO and 
if it is rich. The amoimt of dissociated water vapour even at the 
maximimi temperature is not great under ordinary engine conditions, 
but the dissociation of CO 2 is an essential factor in explaining certain 
well-known features of engine behaviour. 

Dissociation will be dealt with more fully in the next article, and it 
will suffice here to state that by the use of certain experimentally 
determined figures concerning the conditions imder which 00, 
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COg, and Og can coexist in equilibrium—the ‘dissociation constants’— 
we are able to calculate the five coefficients A, B, C\ D, E of equation 
(31), when the temperature and pressure in the cylinder are known, 
and so to find the proportions of the gases in the products of com¬ 
bustion. It may be mentioned again that the maximum temperature 
reached will itself be affected by the dissociation of the COg, since all 
the available heat of combustion of the fuel will not have been gene¬ 
rated so long as there exist together uncombined t^O, hydrogen, and 
oxygen. 

In the products of the combustion of a correct mixture of benzene 
and air (eq. (29)) there will be about 4 per cent, by volume of CO at 
the maximum temperature, rising to 15 per cent, when there is a 50 
per cent, excess of fuel (a = +0*5). If the mixture be 20 per cent, 
weak (a — —0*2), there will be about 4*7 per cent, of free oxygen, falling 
to 2*2 i)er cent, at the correct mixture. In the 50 per cent, rich mixture 
the free oxygen at the maximum temj>erature is practically zero, while 
in the 20 i)er cent, weak mixture the CO at the maximum temperature 
is about 1*3 j)er cent. 

Art. 24. Calculation of the products of combustion, allowing 
for dissociation 

It was shown by Tizard and the present writer"^ that the well-known 
(characteristic of a petrol engine, that it yields its maximum power when 
running on a fuel-air mixture about 10-20 per cent, richer in fuel 
than that giving complete combustion (see art. 36), is Just what would be 
expected from theory when dissociation is taken into account. A full 
account of the methods of calculation will be found in the original 
pa|)er to which reference is given above, together with results worked 
out for typical fuels. We had to rely at that time upon the experimental 
I'esults which were then available on the values of volumetric heats 
fi\ of the dissociation constants drawn from the work of Nernst, 
Bjerrum, and others. 

Recently a large amount of work has been done in the U.S.A. 
and elsewhere on the determination of these quantities from the band 
sx>octra of the various gases. As these values have, in general, received 
considerable support from explosion exx>eriments, they have been used 
in the calculations which follow, and hence the results given here will 
differ from those to be found in reference (7). The particular values 
of the heat capacities and dissociation constants that have been drawn 

3837 .» rr 
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Upon are those that have been collected together and published by 
Lewis and von Elbe.®® 

The maximum temperature in a petrol engine cylinder may be of 
the order of 2,500^-2,700° C., and the gases in the cylinder under 
these conditions will, in the main, be a mixture of Ng, COg, HgO, CO, 
Hg, and O 2 . The last five are able to coexist in equilibrium at these 
high temperatures, as stated above, in certain definite proportions 
which depend mainly upon the temperature. The proportions in which 
the different gases will be present are defined by two ‘dissociation 
constants’, and K, keeping the same symbols as in the original paper. 

The constant connects the partial pressures (in atmospheres) of 
CO 2 , CO, and Og existing together in a mixture of gasses at absolute 
temperature T in the following way: 

- 


and 


(^co,)^ 
logical = 8*593- 


28,600 


(32) 

(33) 


where etc., represent the partial pressures of CO, COg, and Oj, 
which will, of course, be proportional to the numbers of molecules of 
each gas present in the mixture. 

A further relationship between the partial pressures of the gases 
present is provided by the second constant K in the foUowdng equations: 




^o, 


and 


logioA == 1*2065 


H. 

1,100 


T 


(34) 

(35) 


Values of and K evaluated for the range of temperature 2,000°- 
3,000° C. abs. are given in Table 8. 


TABLE 8 


Values of the dissociation constants and K at various temperatures. 


Temperature 


K 

Temperature 


K 


from equation 

from equation 


from equation 

from equation 

^C. abs. 

(33) 

(35) 

‘^C. abs. 

(33) 

(35) 

2,000 

1-963 xl0-» 

4*534 

2,600 

3-917x10-* 

6*074 

2,100 

9-419x10-* 

4*816 

2,700 

1-002x10-* 

6*298 

2,200 

3-917x10-* 

5*088 

2,800 ^ 

2-393x10“* 

6*512 

2,300 

1-439x10-* 

5*350 

2,900 

6-396x10-* 

6*717 

2,400 

2,500 

4-742x10-* 

1-422x10-* 

5*601 

5*841 

3,000 

1-148x10-* 

6*915 


N.B, Values of Ki at intermediate temperatures must be determined from equation (83).. 
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Returning now to equation (31) of the last article, the products of 
combustion were represented by 

A C02+5C0+CH20+i)H2+J502+56-4N2. 

In order to find out the quantities of each gas present at the maxi¬ 
mum temperature we have to evaluate the five coefficients A, B, C, Z), 
and E, Three equations can be written down at once by equating the 
number of atoms of the various elements before and after combustion. 
Taking a = 0 in equation (31), we have 

^ + R = 12 
2A + B+C+2E = 30 
2C+22> = 12. 

Remembering that the partial pressure of a gas is proportional to the 
number of molecules of it present, we obtain from equations (32) and 
(34) two further equations to complete the five necessary for the five 
unknowns, as follows: 

|!x(Po.) = JSTi (32a) 

and {34 a) 

AxD 

Now in equation (32 a), we can only evaluate as being a certain 
E 

fraction -= of the maximum explosion pressure, where X is the total 

JL 

number of molecules present at the maximum temperature, namely, 

X = A+B+C+D+E+5eA, 

The maximum pressure is at present unknown, as is also the maxi¬ 
mum temperature abs.; but we have the following relationship 
between them: 

X T 

^ 73-4 ^ ® ^ 373 ( 36 ) 

remembering that the number of molecules before combustion in 
equation (29) was 73*4, that the compression ratio of the engine was 
taken as 5:1, and the initial temperature as 100° C. 

IVom henceforward the true solution for the five coefficients is made 
indirectly. A maximum temperature is guessed, and values for the five 
coefficients fure found. This particular solution for the amount of 
CO,, H,0, and 00 formed by combustion will correspond to a definite 
amount of heat generated, and to a definite volumetric heat of the 
products of combustion. The question is: Will this amoimt of heat 
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generated, and this mean volumetrio heat, result in the temperature we 
originally guessed ? If not, we have to guess a new temperature nearer 
the calculated one and go through the same series of operations, until 
the final temperature calculated coincides with the original temperature 
guessed. Thus in the benzene-air combustion suppose the temperature 
is first guessed as 2,500° C. 


Then we have 


X ‘ 


T, = 2,773 

A'l = 0019 
K =-- 0-45 
A’ X o 2,773 
73-4 ^ 373 

= 00375 

0-50(i 


0-506A 


0-45. 


BxC 
AxD 

We now have the five equations for the five coefficients, and can obtain 
our first solution, ^ _ 10*09 

B =- 1*91 

0=:^ 5*83 
i>= 0*17 
E = 1*04 


The heat generated during the formation of these products of com¬ 
bustion from air and benzene wdll be the heat of combustion of 2 mols 
of benzene vapour (2 x 757,400 C.H.U.) less the heat of combustion of 
1*91 mol of CO (1*91 X 67,350).and 0*17 mol of Hg (0*17 x 57,660). The 
net heat generated at the maximum temperature, therefore, amounts 
to 18,750 C.H.U. per mol of original fuel-air mixture. The mean 
volumetric heat of the products of combustion between 100° and 2,500° C. 
is 7*346 C.H.U. per mol of original mixture. During compression in 
the ratio 5:1 from the starting temx)erature 100° C., 1,590 C.H.U. per 
mol are communicated to the mixture. The total temperature rise 
will therefore be 


18,750+1,590 

7*346 


= 2,768 degrees 


and the maximum explosion temperature 2,868° C., which is far too 
hij^h, the guessed temijerature having been 2,500° C. 
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A guess of 2,705° C. for the final temperature leads to 

BxC 


AxD 


= K 


^ 0-544 


6-876 


0-180 


and the solution of the five equations for A, B, C, D, and E leads to a 
composition of the products of combustion at the maximum tem¬ 
perature, 

901CO2-f2-99CO+5-72H2O+0-28H2+l-635O2+56-4N2. 

It will be seen that this solution shows considerably more dissocia¬ 
tion, owing to the higher guessed temperature, and in consequence the 
heat generated is less, being 17,670 instead of 18,750 C.H.U. per mol. 
The mean volumetric heat of the mixture over the higher temperature 
range will be greater, 7-394 against 7*346, and on both accounts, there¬ 
fore, the finally calculated temperature is lower than before. It is 


17,670+1,590 
7-394 


+ 100 == 2,705° C., 


which is the temperature guessed and may be accepted as the true 
final temperature, after allowing for dissociation, when a correct mixture 
of benzene and air is compressed in the ratio 5:1 and then burned at 
constant volume. Examination of the products of combustion shows 
that of the carbon in the benzene 25 per cent, has not been oxidized 
beyond the CO stage at the maximum temperature and that 4-6 per 
cent, of the hydrogen will be still uncombined. 

The fuel-air mixture chosen in this case was the correct one of 
equation (29). If the mixture had been rich or weak the appropriate 
value of a would be used in equation (31), and the only difference in 
working out the maximum temperature would be that two out of the 
five equations for finding the five coeflScients would be slightly different 
numerically. Under the new conditions, 

il+jS = 12(l+a) 

2C+2i>= 12(l + a). 

Prom this point onward the process of calculation would be identical, 
as it is, also, when th^ calculation is made for the gas-engine mixture 
of which the results were given in art. 13. The solution for the products 
of the gas-air combustion represented by equation (28), at the maxi¬ 
mum temperature reached, 2,691° C., is 

0-408COa+0127CO+0-904H20+0-041H2+0-08402+3-323N2 
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instead of the simpler products yielded by complete combustion as 
given by the right-hand side of equation (28) where dissociation was 
neglected. The volume ratio a at the maximum temperature is 
4*89 

= 0*953 instead of 0*936 as was given in art. 15 (p. 46) for the 

condition when combustion was complete. The former is the figure 
to be used in calculating the maximum pressure. 

The calculation of the maximum temperature in the compression- 
ignition cycle, illustrated in fig. 9, is also made in a somewhat similar 
way, except that here the maximum pressure instead of being depen¬ 
dent on the temperature to be found, and therefore unknown, has 
been arbitrarily fixed as 800 lb. per sq. inch. 

The stages in this cycle are firstly the compression of 71*4 mols of air, 
secondly the injection and combustion of sufficient fuel to raise the 
pressure to 800 lb. per sq, inch at constant volume, thirdly the in¬ 
jection of the remainder of the fuel and its co^nbustion—^so far as 
equilibrium conditions permit—at a constant pressure of 800 lb. per 
sq. inch, and fourthly the expansion of the products to the original 
volume whilst further combustion of partially burnt fuel proceeds in 
accordance with the temperatures and pressures that pertain. The 
temperature at the end of each stage can be determined from the 
energy of the cylinder contents and the number of m'ols present. 

It has already been specified that the fuelf to be injected is to be 
limited to 80 per cent, of that required for the complete combustion of 
the air, and since this fuel is in liquid form at, say, room temperature, 
the heat available from its combustion is given by: 

CgHg (liquid)+7 JOg = fiCOg+SHgO (vapour)+748,300 C.H.U. 

at 18*’ C. at 100^ C. '---' 

at 100° C. 

Considering in turn each of the first three stages of the compression- 
ignition cycle, we alrecuiy know from table 4 (p. 40) that the energy 
supplied to the cylinder contents (71*4 mols of air) during their adiabatic 
compression is 3,000 C.H.U. per mol and that their temperature and 
pressure at the end of compression are 655^ C. (928"^ abs.) and 439 lb. 
per sq. inch respectively. 

During the second stage some of the fuel is injected and its combus¬ 
tion takes place at constant volume, and we have to determine what the 
quantity of fuel must be to raise the pressure of the cylinder contents 
t Benzene has been selected merely for comparative purposes. 
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from 439 to 800 lb. per sq. inch. The temperature at the end of this 
constant-volume combustion will be 

P 71*4 

= ^2 X ~ X (see fig. 5 for meaning of suflSixes), 

and since Xg, the number of mols at Tg, will be somewhat greater than 
71*4, will be somewhat less than 

928 X^= 1,691°C. (abs.). 

Hence the fuel to be injected is that required to give a temperature 
rise of somewhat less than 1,691—928 = 763® C. 

But from table 41 on p. 286 it is seen that 1 mol of benzene vapour 
(a = — 0-5) gives a temperature rise of 1,527° C. and therefore it may 
be assumed, as a first approximation, that the fuel required is less 

than = 0*5 mol. 
l,o27 

Assume the quantity is 0*48 mol and determine the composition of the 
products of the reaction 

0-48CeHe (liquid) + ISOg-f 56*4N2 

' - ' 

71*4 mols 

trhen their temperature is about 1,690° C. (abs.) and their pressure 
800 lb. per sq. inch. 

It will be found that at this comparatively low temperature and high 
pressure the dissociation of COg and HgO is so small as to be negligible, 
and hence the products of combustion will be 

2-88C02+l-44H20-f 11-402+56-4N2. 

72*12 mols 

The change in the number of mols is from 71*4, before the fuel was 
injected, to 72*12, and therefore 

== 1,402° C. 

The estimated quantity of fuel, 0’48 mol, must be verified by seeing 
whether the heat content of the products between 100° C. and 1,402° C. 
is equal to the heat supplied by combustion and compression. 

The heat of combustion is 0*48 x 748,300 and of compression 
71*4 X 3,000, giving a total of 673,400 C.H.U., whereas the heat content 
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of the products between 100° and 1,402° (\ is almost the same, namely 
573,000 or 440-55x1,302. 

'I’he quantity of fuel has, therefore, been correctly estimated, and 
we hav-e, at the end of stage 2 , 


T 3 1,402 C., X 3 = 72-12, P 3 54-4 atm. 

During the third stage, that of combustion at constant f)ressure, the 
rc-mainder of the fuel is injected and the final products wdll be those 
lesultiug from the combustion of 1-0 mols of fuel in 71-4 mois of air 
when the teinjjerature is and the pressure 54-4 atm. (800 lb. per sq. 
inch). 

I’he com])osition of the products is obtained from the equation 
l 0(^«H6 fir>O2+50-4N2 - ^C02+BCG + CH20+/)H2+jE?02+fi6-4N2 
by the method already descTibed, but in this case it must be borne in 
mind that e.xternal w'ork is done during the constant-pressure combus¬ 
tion and this will absorb some of the heat generated. 

Before proceeding with the calculation of the coefficients .4, B, C, etc., 
it may be noted tliat 


p 54-4B 

“ ^3/ X3. 

and hence guesses must be made of both and X 3 '. 

Assume that the final temperature is 2,420° C. (2,699° abs.) and 
the corresponding number of mols is 74-11. Then 


BxC 

AxD 


6-295 


u4* 0-734 


0-0135 


and the solution of the five equations for A, B, C, D, and E gives the 
following composition of the products of combustion at the maximum 
temperature, 

9-03C02+0-57CO+4-75H20+005H2+3-3102+56-4N2, 
the total mols being 74-11 as assumed. A check is now made to see 
whether the heat supplied by combustion and compression is balanced 
by the energy content of the products between 100° and 2,426° C. plus 
the external work done. The heat of combustion 

(1-6 X 748,300-0-67 X 67,360-0-05 x 57,660) 
plus the heat of compression (71-4 x 3,000) gives a total of 1,370,200 
C^H.U., whereas the energy content of the products between 100° atid 




III. 24] CALCULATION OF THK PRODUCTS OF COMBUSTION 


73 


2,426° (521-4x2,326) plus the heat equivalent of the external work 
(1-985[2,699X74 11-1,675x72-12]) gives a total of 1,370,300 C.H.U. 

Since these totals are in agreement, the final temperature has 
been correctly guessed as being 2,426° C.f (2,699° abs.), and the rise 
of temperature at constant pressure is therefore 1,024° C. 

As regards the external work done it may be noted that during the 
constant pressure combustion stage the number of mols changes from 
X 3 to due partly to the injection of the remainder of the fuel and 
partly to the combustion processes. The external work done in going 
from mols at to X^^ mols at can be found from the volume 
changes that take place at the constant pressure P^. 

T f X • 

The volume changes from to V^Xy^ X 

-*3 A3 

The external work done per mol of gas at ^3 



and the external work done by X^ mols 


In the fourth—or adiabatic-expansion—stage, the volume changes 
from 




T7 3^3 

VsXj, 


X 


2,699 _ 74-11„ 
1,676^72-12^® 


1-656TJ 


to ^4 = 12 T^, and the ratio of expansion is therefore 


12 

1-656 


7-246: 1. 


The calculation of the final temperature is made by a modification 
of the method explained in art. 12 . The modification is required to 
allow for the recombination that takes place during the expansion 
stroke when we are dealing with gases containing dissociation products. 

Jt has been found (ref. 7, p. 36) that a close approximation to a more 
rigid solution is obtained by assuming not only that y l^^s a mean con¬ 
stant value throughout the expansion stroke but that the value of y is 
based on the apparent volumetric heat of the expanding gas mixture. 
This apparent volumetric heat includes both the normal change in 

t This figure difiers slightly from that given in fig. 9 because in that calculation the 
formation of NO was taken into account (see p. 76). 

m7.f 


T. 
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heat content with change in temperature and also the heat energy 
arising from the chemical action which the change in temperature 
permits. 

In calculating the final temperature we shall therefore assume 
that the expansion curve can be represented by PVy = constant and 
that y is computed from the apparent volumetric heat of the expanding 
gases. 

A value for is guessed and the usual equations solved for A, B, C, 
D, and E, bearing in mind that 


and 

and hence 



Pt = (approximately)t 

E T 

Po. = i (approximately). 


If T 4 is assumed to be 1,397° C. (1,670° C. abs.), the composition of 
the products is 

9-60C02+4*8H20+30002+56-4N2. 

*- ■ ■ ■■ ■ ^ -- -- j 

73*8 mols 


The total energy content (heat-|-chemical) above 100 ° C. of these 
products is 486-1X 1,297 = 630,500 C.H.U., whereas that for the pro¬ 
ducts at the b^inning of the expansion is 

621-4x2,326-h0-57x67,360-f-0-05x 57,660 = 1,254,270 C.H.U. 
The numbers of mols at the beginning and end of the expansion are 
74-11 and 73-80 respectively, the mean being 73 - 955 . 

The mean apparent between Ty and 

_ total energy at T,—total energy at T^ 

~ mean number of molsx {? 3 — 

1,254,270-630,600 _ g 

— 73-955X1,029 

„ , , i? - , 1-986 , 

H.n» y _ 1+^ _ l+_ - 1-242. 

The correctness of the guessed value (1,397° C.) of T^ is now checked 

tstrictiy 


but approximate value is sufficiently precise at these compcaratively low tempera¬ 
tures. 
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by seeing whether it is in agreement with the value obtained from the 
expansion equation, 



2,699 

( 7 * 24 ^« 


1,671° C. (abs.) 


= 1,398° C. 


This differs by only 1° from the temperature assumed and hence the 
temperature at the end of the expansion can be taken as 1,398° C. 

Returning now to the ‘constant-volume’ cycle, the maximum tem¬ 
peratures for air-benzene mixtures—varying in fuel content from 50 
per cent, weak to 50 per cent, rich—have been worked out and the 
results are given in table 41 and in fig. 13. 

This table and graph are similar in form to those given in the original 
paper,^ but they have been extended to include the results of calcula¬ 
tions in which the formation of nitric oxide is taken into account. 
Nitrogen is not the inert gas that has been assumed up to the present, 
for under high-temperature conditions appreciable oxidation—to nitric 
oxide (NO)—occurs, as will be seen from column 7 of table 41. Since 
heat is absorbed when nitric oxide is formed, the maximum explosion 
temperature is depressed. 

The calculation of the composition of the products of combustion, 
when nitric oxide is' taken into account, requires two more equations 
to correspond with the increase of two in the number of unknowns. 
The general equation for the correct air-benzene mixture* is 

2CeHe+1502+56-4N2 

= ^ COg-f S CO-f C HgO+2> H 2 +O 2 +NO+G Ng, 
and the additional equations are 

G+Ji?’ = 56-4 


and 


(P^oY 

PsXPo^^GxE 


K' can be obtained from the data presented by Lewis and von 
Elbe,®* or from the following expression, which represents those data 
fairly closely over the temperature range 2000° to 3000° C. absolute: 


9,475 
T • 


logic' = 1-348 
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As to the heat of formation of NO—at 100° C. and at constant 
volume—the following equation indicates that it is negative, 

NO = ^N,+jO^+21,530 C.H.U., 

and hence the heat absorbed when 1 mol of nitric oxide is formed from 
i mol of nitrogen and | mol of oxygen is 21,530 C.H.U. 



Fia. 13. Calculated maximum temperatures for benzene-air mixtures. 


The calculation of the values of the seven coefficients A, B, C, D, E, 
F, and O is made in much the same manner as that already outlined 
for the determination of the first five when is neglected nnH Q jg 
equal to the nitrogen content of the original mixture. As to the results, 
the majority are given in table 41, but the effect of nitric oxide is also 
shown on the three cycles of fig. 9. 

Beturning from this digression on nitric-oxide formation to the genial 
results of the air-benzene calculations, the way in which the Tn«.xiw»nw 
temperature vmdes with the fuel-air ratio can be'seen in fig. 13, in 
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which the curve of c&lculftted temperatures when dissociation is allowed 
for is seen beneath the approximately straight line variation which the 
temperatures would exhibit if no dissociation took place. In these 
circumstances the greatest amount of heat would be generated by the 
combustion of the correct mixture, and for either weak or rich mixtures, 
on either side of this, the maximum temperature would fall away in 
the linear manner shown in fig. 13. 

It will be seen that owing to dissociation the highest calculated 
temperature on the curve is that for a mixture some 20 per cent, 
richer in fuel than that giving complete combustion, and that over a 
wide range of mixture strength on the rich side the temperatures show 
only a slow variation. Under comparable conditions the power of an 
engine will vary with the maximum temperature and the change in the 
number of mols due to combustion. The present writer has, in fact, 
found’ that for conditions similar to those represented by table 41, 
the product of the ratio of the number of mols at maximum tempera¬ 
ture to the number in the original mixture and the rise in temperature 
on explosion (i.e. a{T^—T^) gives a figure which is closely proportional 
to the net work done per cycle. If this product is plotted it will 
be found that the resulting curve reproduces the well-known power 
characteristic of a petrol engine when the fuel ratio is varied, and 
hence affords substantial confirmation of the calculations and theory 
on which they are based (see especiaUy fig. 33, p. 135). 

Goodenough,^^ using a different method of calculation, has arrived at 
figures for the maximum temperatures of benzene-air mixtures which 
closely confirm those obtained by the method given here. He has 
carried out a very complete theoretical analysis of the combustion 
of a variety of fuels, and the reader who is interested in the mathe¬ 
matical treatment of the conditions of chemical equilibrium should 
consult the reference given. This paper also includes a critical examina¬ 
tion of the experimental data upon heats of combustion and volumetric 
heats which is of much value, but subsequent work has already shown 
the need for revision of some of the conclusions. The recent revision 
of the dissociation constants has already been mentioned, and the ques¬ 
tion of volumetric heat values will be fully dealt with in art. 27. For 
the present it will be sufficient to conclude by saying that it would be 
premature to consider that the values used in this book for the volumetric 
hmts and dissociation constants have been unquestionably established 
or to claim abaoltUe accuracy for any of the calculated temperatures; 
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but this does not, of course, affect the usefulness of the relative values 
as a guide to understanding the behaviour of an engine. 

When really certain figures for the volumetric heats become available, 
the time will be ripe for a complete revision of all the calculations, using 
the most accurate figures for all the physical and chemical data. Until 
that day arrives one may say that the figures given have all the accuracy 
which the imperfect data can provide. 

Art. 25. A further note on calorific values 
In art. 22 a definition of the calorific value of a fuel is given which 
is sufficiently precise for most engineering calculations and this is 
followed by a discussion of the corrections that must be applied when 
the fuel is initially in a state of vapour and when the steam formed 
during its combustion is not condensed. 

Although this preliminary discussion may have been sufficient to 
indicate how the heat of combustion associated with one set of conditions 
can be used to determii!e that relating to another, it will probably 
help to clear up any outstanding difficulties if the matter is considered 
in more detail and put on a fundamental basis. The principle involved 
is that of the conservation of energy, and this principle can be readily 
applied to equations representing chemical reactions if particulars are 
available from which heat energy contents or changes of heat energy 
content can be determined. 

In the case of liquid benzene, for example, the heat of combustion 
at 18° C, and at constant volume may be taken, in round figures, to be 
780,000 C.H.U. per mol. The temperature is specified to indicate that 
the fuel and the air or oxygen for its combustion are initially at 18® C., 
and that the products of the combustion are finally at the same tem¬ 
perature; whereas the term 'constant volume’ implies that the com¬ 
bustion and subsequent cooling of the gases take place in a closed 
vessel of constant volume and hence are free from the losses or gains 
of energy associated with volume changes. We can, therefore, write 
that, at 18®C. and constant volume, 

CeHe (liquid) +7-502 == BCOa+SHgO (liquid) + 780,000 C.H.U., 
or, in words, that the heat of the chemical reaction plus the heat-energy 
content of the reactants at 18® C. is equal to the heat-energy content of 
the products at 18® C. plus the heat of combustion. 

Since the heat of the chemical reaction is constant, all we need to 
know for determining the variation in the heat of combustion with 
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change in conditions is the effect of that change of conditions on the 
difference of the heat-energy contents of the reactants and products. 

A knowledge of the following energy quantities will enable us to 
write down the heats of combustion of benzene under various conditions. 
The latent heat of benzene at 18® C. can be taken as 8,138 C.H.U. per 
mol, the work done during its evaporation as 578 C.H.U. per mol, 
and hence the heat required to evaporate this fuel under closed-vessel 
conditions as 7,560 C.H.U. per mol. The corresponding quantities for 
water are 10,504, 578, and 9,926 at 18® C. and 9,710, 740, and 8,970 at 
100 ® C. The mean volumetric heats of Og and COg over the temperature 
range 18® to 100 ® C. are about 5*2 and 7*3 respectively at constant 
volume, whereas .under constant-pressure conditions these will be in¬ 
creased by about 1'986. The volumetric heat of benzene vapour is less 
well established, but its mean value at constant volume over the 
temperature range 18® to 100 ® C. can be taken as about 19 C.H.U. 
per mol. 

Using the above data in connexion with our basic equation 
CeHe(liquid) +7-502 = OCOg+SHjO (liquid) +780,000 C.H.U. 
at 18® C. and constant volume, we obtain: 

(i) C 0 H 0 (vapour) +7-502 = 6 CO 2 + 3 H 2 O (liquid) +787,560 C.H.U. 
at 18®C. and constant volume; 

(ii) C^H^(vapour) +7-502 = 6 CO 2 + 3 H 2 O(vapour) +757,780C.H.U. 
at 18®C. and constant volume; 

(iii) CeH^ (vapour) + 7-50a = 6 CO 2 + 3 H 2 O (vapour) + 757,400 C.H.U. 
at 100 ® C. and constant volume, the heat-energy content of the 
reactants having been increased by 7,560+82(19+7-5 x 5-2) and 
of the products by 82(54+6 x7-30)+3x 8,970; 

(iv) C^H^(liquid) + 7 - 5 O 2 = OCOg+SHgO (vapour) +748,300 C.H.U. 

ati8°c. at 100 ® c. ---- 

at 100® C. 

at constant volume; 

(v) CeH«(Uquid) +7-50a = eCOa+SHaO(liquid) +780,870 C.H.U. 
at 18® C. and constant pressure^ tbe heat-eneigy content of the 
Oa having been increased by 7-5x1-985x291 and the heat- 
eneigy content of the Cpa by 6 x 1-985 x 291; 

(vi) CeHa (vapour) +7-60a = 6 CO 2 + 3HaO (vapour)+757,490 C.H.U. 
at 18® C. and constant pressure. 

Enough examples have b^n given to illustrate the method, and it 
merely remains to point out that the heat of combustion represents the 
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TABLE 9 

Calorific mltbes and heats of combustion in CJiXf. per mol when 
the steam formed is uncondensed. 


1 

2 

3 

4 

5 

i 6 

7 

Fuel 

Conven¬ 
tional 
lower 
calorific 
value of 
liquid fuel 
Hp~639(? 

Conven¬ 
tional 
lower 
calorific 
value of 
vapour 
or gae 
Hp’^Lp 

-5390 

Heat of 
combus¬ 
tion of 
vapour at 
25° C. and 
constant 
pressure 
Hp-^Lp 

-5930 

Heat of 
combus¬ 
tion of 
vapour at 
25° C. and 
constant 
volume 
Hy-i-Ljr 
-5500 

1 

1 

Heat of 
combus- 
\ tion of 
vapour at 
l00°C.and 
constant 
volume 

I 

Heat of 
\ combus¬ 
tion of 
vapour at 
lOifC.and 
constant 
pressure 

n-Pentane 
n-Heptane 
Toluene 

Ethyl alcohol 

780,780 
1,072,720 
901,150 ; 
297,530 

787,000 

1,081,700 

910,695 

307,650 

782,245 

1,075,360 

907,310 

305,270 

783,425 
1,077,135 
907,890 I 
305,860 

?83»280 

1,077,090 

907,790 

305,835 

781.800 

1.674,870 

907,050 

305,095 

Hydrogen 

Methane 

Butane 

•• 

58,610 

193,370 

693,380 

57,815 

191,785 

635,415 

57,520 

191,785 

636,305 

57,670 
191,71'? 1 
636.180 

58,040 

191,715 

635,070 


heat available for any particular purpose when the conditions before, 
during, and after combustion are those specified. 

The conventional 'lower calorific value’ of a fuel is obtained by de¬ 
ducting the latent heat of steam at 100'' C. from a calorific value deter¬ 
mined at room temperature, and further there seems to be a failure to 
discriminate between calorific values obtained under constant-pressure 
and constant-volume conditions. If this discrimination were made and 
the latent heat of steam at atmospheric temperature—and at constant 
pressure or constant volume—^were deducted, a more reasonable value 
would be obtained. This is illustrated by the figures given in table 9, 
in which Hp and Hy represent the heats of combustion of the liquid fuel 
at constant pressure and constant volume respectively, and at room 
temperature, the steam formed being condensed; Lp and Ly repre¬ 
sent the heats of vaporization of the fuel at room temperature and 
under constant-pressure and constant-volume conditions respectively; 
O represents the weight of steam formed by combustion; 639 and 683 
are the latent heats of steam at constant pressure and at 100^ C. and 
26° C. respectively; and 660 is the latent heat of steam at 26° C, when 
no external work is done during vaporization. Suitable variations must 
be made to the figures 683 and 660 if the calorific vidue wag deter¬ 
mined at a.temperature other than 26° 0. 



111.25] A FURTHER NOTE ON CALORIFIC VALUES HI 

The practical agreement between the figures in columns 5 and 6 on 
the one hand and those in columns 4 and 7 on the other, shows that 
a variation in temj)erature between and 100®has very little 

effect on the heat of combustion. If, therefore, ‘lower calorific values’ 
were obtained, as in columns 4 and 5, by subtracting the latent heat 
of steam at the temperature at which the calorific value was deter¬ 
mined, they would represent accurately the heats of combustion at 
that temperature and also apply fairly closely to considerably higher 
temperatures. These values would, in fact, >e ‘true’ lower calorific 
values. 

In the data relating to liquid and gaseous fuels given in tables 39 
and 40 the ‘true’ lower calorific values have been given in place of the 
conventional values. 

Art. 26. Closed-vessel experiments. Volumetric heats 

As was pointed out in art. 12 it is convenient, when dealing with 
gases, to speak of their ‘volumetric heats’ and to express these in foot¬ 
pounds per standard cubic foot or C.H.U. per mol. In the next article 
the values of the volumetric heats of gases will be given in these unitr;, 
and in the present discussion of the method of determining them bv 
explosion experiments in a closed vessel of constant volume the same 
units will be adopted. 

If a combustible mixture, like one of those discussed in previous 
articles, were enclosed at some predetermined pressure and temperature 
in a vessel of constant volume, and ignited, a pressure-time record would 
be obtained, of which S79 and S84 in fig. 14 on p. 84 are two typical 
examples, in which the rate of combustion varied considerably. The 
maximum pressure recorded would depend upon a number of factors. 
If it were a benzene-air mixture, the heat liberated would be equivalent 
to about 80,500 ft.-lb. per S.C.F. If this heat were all developed with 
no loss to the walls of the vessel, and if the volumetric heat of the 
contained gas were the same at all temperatures as it is for air at 
16° C., namely 19*5 ft.-lb. per S.C.F., then the temperature rise in 
the vessel would have been about 4,000® C., and the final pressure 
would have been nearly 16 times the starting pressure. The recorded 
pressure would in fact haVe been about half of this, and the contributory 
causes of the ‘lost pressure’, in approximate order of importance, are 
as follows: 

(1) The greater volumetric heat of the piquets of combustion as 
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a whole and the increase of that volumetric heat with temperature. 
Both these effects are largely due to the water-vapour and carbon- 
dioxide portion, which amounts to about a quarter of the whole. 

(2) The cessation of the chemical reaction when equilibrium condi¬ 
tions are reached. This means that, for a given mixture, the extent to 
which the reaction can proceed is dependent on the temperature and 
the pressure—the higher the temperature the greater the suppression of 
the formation of CO^ and HgO. Pressure is a less important factor and 
acts in the reverse direction. 

(3) Loss of heat to the walls of the vessel by radiation and conduction 
before the instant of maximum pressure is reached. The amount of 
this heat loss will depend on the temperature and composition of the 
products, the amount of gas turbulence, the rate of spread of flame, the 
point in the vessel at which ignition is started, and the nature (polished 
or black) of the surface of the vessel walls. 

(4) Loss of heat due, possibly, to the cooling action of the walls of 
the vessel delaying the combustion of the thin layer of mixture in 
contact with them. 

(5) Loss of pressure due to a probable temperature gradient in 
stagnant mixtures, the gradient extending from the region of the spark¬ 
ing-plug—where it tends to be highest—^to the last inflamed portions 
of the charge. 

It has also been suggested, under the title of ‘after-burning’, that 
the molecular readjustment involved in the formation of water vapour 
and carbon dioxide takes an appreciable time to complete itself, and 
that there may not have been time before maximum pressure for all 
the heat available to be developed. This is more than a suggestion that 
the flame may not have spread completely throughout the vessel, so 
that unbumt fuel may still exist at the maximum pressure. This theory 
presupposes that a chemical action, once started, needs a length of time 
to complete itself which is of an altogether different order from those 
times associated with atomic and molecular movements in any other 
connexion. There may be some truth in this theory, but it must be 
admitted that no very conclusive evidence has ever been put forward 
that chemical action is incomplete at the point of maximum pressure. 
There is, moreover, a good deal of evidence against the view that a 
chemical action, once b^un, takes an appreciable time to complete 
itself. For example, the fact that the shortest time between ignition 
and maximum pressure in a closed-vessel experiment, except with 
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hydrogen-air mixture, is about 0 03 sec.; and that it is possible, when 
the spread of flame is accelerated by turbulence as it is in an engine 
cylinder, to get sufficiently complete combustion in about of this 
time to give a peak pressure like that exhibited on the indicator diagram 
illustrated in fig. 20; these two points taken together afford very strong 
evidence that shortening the time of combustion in an engine is almost 
entirely a question of speeding up the spread of the flame throughout 
the volume of the combustible gases. And this it would not be, if the 
chemical action itself, once well started, took an appreciable time before 
it could be completed. 

The effect of increased turbulence at higher speeds in accelerating 
the spread of flame in an engine cylinder has been directly observed 
by Clyde,** and in the experiments of Withrow, Lovell, and Boyd,®® 
referred to more fully in art. 31. In these experiments, moreover, 
direct evidence was obtained that combustion was confined within a 
comparatively narrow zone, spreading out rapidly from the ignition 
point, and that in the rear of this combustion zone the chemical action 
was complete, as indicated by the disappearance of all the oxygen. 

Of the suggested causes of the lost pressure in a closed-vessel explosion, 
by far the most important is the increase of volumetric heats; and a 
measurement of the maximum pressures reached in experiments of 
this type affords the only practicable way of measuring the mean 
volumetric heats of gases up to really high temperatures. In the 
simplest possible form of such an experiment, which would not, how¬ 
ever, be practicable, we might imagine a mixture of two volumes of 
carbon monoxide and one of oxygen exploded together. From the 
recorded rise of pressure, the highest mean temperature, and hence the 
rise of mean temperature, say from to Tj, could be calculated. If 
H ft.-lb. per S.C.F. be the heat liberated by the combustion, and h 
be the amount of heat lost to the walls of the vessel before maximum 
pressure, the mean volumetric heat of carbon dioxide between the tem¬ 
peratures and Tj will be 

H-h 

This particular experiment would not be practicable because the 
combustion would be so slow, and the time to maximum pressure so 
long, that the lost heat, which is always a difficult quantity to 
estimate, would be too large a proportion of the whole to allow of an 
accurate result. The typical pressure-time records of fig. 14 exhibit 
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the remarkable effect of adding so little as 0-1 per cent, of hydrogen- 
oxygen mixture, in speeding up the rate of combustion of the naturally 
slow-burning carbon monoxide-oxygen mixture. In the ease of S85, 
an attempt was made to localize the hydrogen-oxygen mixture in the 
region of the spark, and the peculiar shape of the diagram must be 



Fio. 14. Superimposod pressure-limo records, showing the effc'ct of small additions 
of a mixture (6) represented by THg + Da another (a) represented by 

7(C04 O OOOSHgl + Oa. 

584 mixture (a) only. 

S 79 mixture (a) -f- about 0*12 per cent, of (6). 

585 mixture (a) -f- about 0*09 per <*ont. of (6) localized. 


attributed to the resulting lack of homogeneity of the gaseous contents 
of the vessel. 

A correct estimate of the heat lost before maximum pressure is the 
great difficulty in volumetric heat determinations, but this is not the 
only source of uncertainty. If dissociation were present, for example, 
the full value of II would not be developed at the moment of maximum 
pressure and temperature, and the result would be lower maxima. 
Whether these lower maxima, moreover, were produced by a failure 
to generate all the heat available, on account of dissociation, or by 
a genuine rise of volumetric heat of the gases to be heated, the result 
would be the same, and it would be impossible to distinguish between 
the two causes of lost pressure in any one experiment. It is possible, 
however, to minimize the amount of dissociation by having a large 
excess of one of the reacting gases present, and this has been done in 
the mixtures of which the pressure-time records are given in fig. 14. 
The gas used in this case—namely carbon monoxide—is fairly stable 
at high temperatures, and hence its addition in large quantities does 
not give rise to any secondary effects. Hydrogen, on the other hand, 
splits up much more readily into its atomic form, and hence the addition 
of a large excess of Hg for the purpose of reducing the dissociation of 
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HgO may lead to appreciable quantities of atomic hydrogen being 
formed. Further, it is now recognized that water vapour may split up 
into 20H and Hg in addition to 2 H 2 and Og, although no account has 
been taken of this reaction in the calculations of art. 24. 

Therefore, in determining botli the composition of the products of 
combustion at the maximum temperature and the heat generated, all 
]) 08 sible reactions must be considered, and even then the calculations 
may be in error owing to the assumption of a mean temperature of the 
gases in plac‘e of a very considerable temperature gradient. 

The experimental determination of volumetric heats is discussed 
further in the next article, and references are there given to original 
sources which must be consulted for full descriptions of the methods 
employed. 

In engine calculations w e are concerned not so much with volumetric 
heats, as such, but with the amount of internal energy to be associated 
with the working substance at every temperature. We need the lela- 
tion connecting internal energy and temperature, and Die exact relation 
will differ according to the composition of the working substance. It 
is mainly the water-vapour and carbon-dioxide parts of it which are 
responsible for the increase of the volumetric heat with temperature, 
and the internal energy-temperature relation will therefore be different 
for rich and weak mixtures, for with the latter the proportion of the 
triatomic gases in the products of combustion will be less. For the 
correct mixture of coal gas and air of equation (28) the proportion was 
30 per cent, by weight, but for a mixture 50 per cent, weak it will be 
only 16 per cent. 

The first step towards the determination of the internal energy- 
temperature relation for any particular working substance is to obtain 
a series of values for the mean volumetric heats of its constituents over 
different temperature ranges from some agreed starting-point. This 
point is conveniently taken at 100® C., so as to eliminate any complica¬ 
tion due to condensation of the water vapour in the products of com¬ 
bustion. The mean volumetric heat of any particular mixture of gases 
can be quickly calculated from the volumetric heats of the separate 
constituents. 

Abt. 27. Experimental values for the volumetric heats of gases 

Apart from closed-vessel explosions, measurements of the volumetric 
heats have been made by two other methods: firstly by heating the gas 
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while flowing uniformly at constant pressure, generally atmospheric, 
and secondly by experiments in an engine in which gas is alternately 
compressed and expanded, and the changes of mean temperature, as 
deduced from the pressure record of an indicator diagram, are correlated 
with the measured amounts of work done by or upon the gas by the 
]iiston. Experiments of the latter type were made by Clerk® up to 
tem])eratures of about 1,400° C., but their accuracy depends very largely 
upon a correct allocation of heat loss to the cylinder walls between the 
compression and expansion strokes. In view of the varying and quite 
unknown degree of air turbulence in the cylinder, and the great depen- 
den(*e of heat loss upon this factor, any certain determination of the rates 
of heat loss from moment to moment appears too difficult of achieve^ 
ment for the method to yield results of the accuracy we have to aim at. 

(^ofistant-pressure experiments have also been limited to a maximum 
temperature of about 1,400° 0., and it is doubtful whether anything 
higher could usefully be attempted owing to the very great technical 
difficulty of carrying out accurate temperature measurements under 
these (conditions. Very accurate figures have, however, been obtained 
by Swann at 20° and 100°C. in constant-pressure experiments upon air 
and carbon dioxide. These results afford valuable datum line figures 
for the volumetric heats at low temperatures, as follows: 


Air 

Carbon dioxide 


At20°C. At 100° C. 


19-5 


20-9 


19-7 ft.-lb. i)er S.C.F. 


30*2 




5 > 


A great number of experiments of the closed-vessel explosion type 
have been (carried out by many different workers in attempts to measure 
mean volumetric heats of the contents of the ve^el between the initial 
and the maximum temperature,^® and these have recently been supple¬ 
mented by indirect determinations of volumetric heats from the band 
spectra of the gases concerned. Some of the workers®® in this latter 
field claim a high degree of accuracy in the case of diatomic gases, and 
the more difficult problem of the triatoniic and polyatomic gases is 
receiving and has received a large amount of attention. In 1935 the 
position was summarized by Lewis and von Elbe in a paj)er published 
by the American Chemical Society.®* In this pai)er the authors give 
tables of heat capacities and equilibrium constants derived fiom 
spectroscopic data and also full references to the sources of their figures. 
The figures appear, in fact, to represent the present state of knowledge 
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and they have been used in the deduction of the volumetric heats given 
in table 10 and in the formulae for equilibrium constants given in art, 24. 
The adoption of these values must not be interpreted as an endorsement 
of their absolute accuracy, for time alone can show whether all the 
energy levels have been discovered. 

TABLE 10 

Mean volumetric heats between 100° C. and t°C. in foot pounds per 

standard cubic foot. 

To convert to C.H.U. per mol, divide by 3*90. 


100° C, up to 

500° 

1,000° 

1,500° 

2,000° 

2,500° 

3,000° 

Carbon dioxide . 

. : 35-38 

39-58 

42*17 

43*95 

45*25 

46*37t 

Water vapour . 

. 1 25-74 

28*55 

31*08 

33*27 

35*10 

36*66t 

Nitrogen . 

20*26 

21*76 

22*80 

23*60 

24*18 

24*67 

Carbon monoxide 

. : 20*38 

21*98 

23*13 

23*87 

24*45 

24*96 

Oxygont . 

. 1 21*76 

23 50 

24*67 

25*62 

26*44 

27*09 

Hydrogen 

. i 19*60 

20*14 

20*93 

21*80 

22*60 

23*23 


A simple assumption which is often made in regard to the volunaetric 
heats of gases is that they vary in a linear manner with the temperature 
—in other words that the volumetric heat at any temperature t is given 
by an equation of the form 

K,„ = {K^)Q-{-oLt, 

For practical purposes, however, it is not the volumetric heat at any 
particular temperature which we require, but the mean value over a 
range of temperature, from which to calculate the change of internal 
energy associated with that change of temperature. The working 
substance for which we have to know the changes of energy, moreover, 
is a mixture of diatomic gases, carbon dioxide, and water vapour. And 
although it is possible to represent the variation of the mean volumetric 
heat of the diatomic gases with fair accuracy by a simple linear equation 
of the type given above, it is not possible to do so at all for the triatomic 
gases, nor really satisfactorily for any practical working substance over 
the full range of temperature from 100°~3,000°C. For approximate 
calculations it is convenient and sufficiently satisfactory to work with 
a curve such as that shown in fig. 15, in which the full line curve gives 
the internal energy at every temperature of one standard cubic foot of 
the products of combustion of the correct benzene-air mixture. The 

t At 1,500® C. Johnstop and Walker’s value for oxygen (J. Am, Chem, 5oc., 57,1935), 
is about 0*5 per cent, below the value given here, and at 2,500® C. this discrepancy 
amounts to nearly 2 per cent, in the same direction. 
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curve has been constructed from the composition of the mixture as 
given by the right-hand side of equation (29), and the mean volumetric 
heats as given in table 10. 

The products of combustion, and therefore the energy-temperature 
curve, will necessarily be different for every fuel and every mixture 
strength, but fortunately, since at least three-quarters of the working 



Fi(J. la. Internal energy-tompemtlire curve!^. 


substance is always nitrogen, the variation is not great. In order to 
show the possible range of variation there has been added to fig. 15 the 
dotted curve, showing the energy relationship for a coal gas-air mixture 
50 per cent. weak. The products of such a combustion have about the 
maximum proportion of diatomic gases, and therefore the minimum 
volumetric heat values, likely to be met with in practical working. 

The corresponding values of temperature and internal energy for 
the two curves shown in fig. 15 are given in table 11. By the m e of this 
table the curves can be quickly plotted to a large scale for practical use. 

For accurate work, the mean volumetric heat of the actual com¬ 
bustion products must be determined from a large-scale plotting of the 
individual values of the volumetric heats given in table 10. 

Various empirical formulae have been proposed from time to time 
in attempts to represent the changes of for CO 2 and H 2 O throughout 
the whole range up to high temperatui’es.®® In the present state of 
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TABLE 11 

Corresponding values of temperature and internal energy for *Jie pro¬ 
ducts of combustion of a correct benzene-air mixture, and of a coal gas-air 
mixture 50 per cent, weak. 

To convert to C.H.U. per mol, divide by 3*90. 


Temperature 

Correct benzene-air 
mixture 

Coal gas-air mixture 
50 per cent, weak 

®C. 

R.-lb. per S.C.F. 

ft.-lb. per S.C.F. 

100 

0 

0 

500 

9,750 

8,300 

1,000 

23,200 

20,800 

1,600 

37,800 

33,900 

2,000 

63,100 

47,600 

2,600 

69,050 

62,360 

3,000 

86,700 

76,650 


experimental knowledge, however, such attempts are in danger of 
being premature and misleading. Formulae of this kind are not 
necessary for the purposes of the internal-combustion engineer, and it 
seems wiser to await more certain experimental data before defining 
the probable changes of in any characteristic equation. 



IV 

DETONATION 

Art. 28. The nature of detonation. Its difference from pre- 

ignition 

Detonation, also known as ‘knocking’ or ‘pinking’, affords an 
interesting example of something which was familiar to the practical 
engineer a long while before its far-reaching importance was realized. 
There was even a good deal of rough and ready knowledge about its 
occurrence, and every rider of an air-cooled motor cycle knew that if 
his engine began to knock he must close his extra air throttle and run 
with a richer mixture. 

It was Ricardo who first showed that of all the factors which limit 
the power output and efficiency of engines using volatile liquid fuel 
and electric ignition, detonation is the most important. In later discus¬ 
sions upon engine performance we shall return to it repeatedly, and 
it will be well to get beforehand a mental picture of what it means, 
and some knowledge of the conditions which produce it. The occur¬ 
rence of detonation is very much bound up with questions of engine 
design and speed, but recent research has shown that essentially it is 
a chemical and physical problem, and this aspect of it can usefully be 
explained at the present stage, leaving until later the influence of engine 
details. 

The noise which has given the name of ‘knocking’ to detonation is 
like that produced by a sharp ringing blow upon the metal of the 
engine cylinder. Formerly it was supposed to be actually due to some 
such mechanical cause, which might be derived, it was supposed, from 
a looseness between moving parts. Experiment soon proved this 
supposition to be untenable, and in place of a mechanical blow between 
two solid parts of the engine, we now imagine the noise to be caused 
by a blow delivered against the cylinder wall by a wave of high pressure 
travelling at great speed through the gas which forms the working 
substance. If it is difficult to imagine a noise being set up in this way, 
it should be remembered that the noise of a hammer blow is due to the 
vibrations set up by the sudden and local high pressure produced under 
the hammer; and the fact that sharp local high pressures are in fact 
produced in the gaseous contents of a cylinder when detonation occurs 
has often been demonstrated. 
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In an engine cylinder combustion is initiated during normal working 
by an electric spark timed to occur at a definite instant towards the 
end of the compression stroke. The correct timing varies according to 
engine speed and other factors, but ignition should never start before 
the spark has passed. If it does do so, on account of overheated sparking- 
plug points, or scraps of stray incandescent carbon, then pre-ignUion is 
occurring: a state of affairs which seldom persists for long without violent 
thumping and excessive pressures being developed before the end of 
the compression stroke, which cause a loss of power and may bring 
the engine to a standstill. Detonation, on the other hand, is something 
which follows after ignition has been started by the spark in the normal 
manner, and if it is not violent it may persist for long periods without 
adversely affecting the running of the engine. Tf the detonation becomes 
violent, however, it is very apt to lead to conditions in which the spark¬ 
ing-plug points become overheated, and so to prepare the way for pre¬ 
ignition to occur. The two phenomena, however, are totally distinct 
from one another. Detonation follows, while pre-ignition, as its name 
implies, precedes the spark. 

So long as no detonation takes place, the flame started by the spark 
spreads steadily throughout the combustion space at a speed which 
depends mainly upon gas turbulence, as well as upon the pressure and 
temperature before ignition. As the flame spreads from the point of 
ignition the heat generated causes that part of the charge already 
inflamed to expand, compressing the remainder. With a detonating 
fuel self-ignition may occur, and the rate of spread of the flame through¬ 
out the last portions of the charge to burn becomes almost instan- 
taneous.®® Under these conditions a ‘detonation wave' is set up, in 
the front of which the gas pressure may rise locally to a figure far in 
excess of the average pressure in the cylinder. Pistons have actually 
been broken from time to time by the hammer blow which this detona¬ 
tion wave is capable of delivering, and from its less violent manifesta¬ 
tions is derived the characteristic ‘knock’ when the wave front reaches 
the cylinder wall. 

As already stated, the onset of detonation is much influenced by 
engine speed and cylinder design. Features like the shape of the com¬ 
bustion chamber, and the relative positions of the sparking-plug and 
exhaust valve, have a marked influence; but these points may be left 
for later discussion, and for the present we shall consider more particu¬ 
larly the fundamental physical and chemical circumstances in which a 
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detonation wave is set up, and the views of different authorities upon 
their relative importance. Before doing so, however, it will be advisable 
to review the facts about the behaviour of different fuels in regard to 
detonation. 

Art. 29. Preliminary facts about fuels and ‘dopes* 

It has been found that in the same engine, under the same conditions 
of compression ratio and temperature, the tendency to detonate varies 
widely according to the fuel used. With coal gas, for example, detona¬ 
tion has never been observed; and the three types of hydrocarbons 
found in the volatile liquid fuels, namely aromatics, naphthenes, and 
paraffins, take this order of merit in regard to detonation. 

A most potent factor in promoting detonation is a rise in the com¬ 
pression ratio, and Ricardo has coined the phrase Highest Useful 
Compression Ratio, or H.U.C.R., as a way of expressing the merit of 
different fuels in a quantitative manner. It means the highest com¬ 
pression ratio at which the fuel can be used in an engine, with fully 
open throttle, without detonation occurring. Any such figure of merit 
depends upon the engine used for the test, as well as upon other things 
like speed, ignition advance, and inlet air temperature; but, being 
easily apprehended, it has a value for expressing the relative merit of 
fuels, provided the conditions of the test are properly defined, and will 
be used in this preliminary survey. The method, now widely accepted, 
of rating fuels for detonation behaviour against mixtures of pure iso¬ 
octane and n-heptane will be dealt with in Chapter VII. 

The figures of H.U.C.R. given in table 12 have been found for certain 
pure substances by Ricardo and other workers using the former’s ‘E. 35’ 
variable compression research engine, running at 1,600 r.p.m., under 
comparable conditions as regards temperature, ignition advance, etc. 

A good average commercial petrol would show a figure of about 
6 *0, and an aviation spirit about 6-0, under the same conditions. Com¬ 
mercial ‘paraffin’ is composed of hydrocarbons boiling between about 
100 ® and 300® C., and would probably have a H.U.C.R. in the neigh¬ 
bourhood of 3-5. 

It will be seen that apart from octane and nonane the members of 
the paraffin series given in table 12 show a steady faH of H.U.C.R. as 
their molecular weights and boiling-points increase. The figures in this 
table were obtained before the vital importance of the form of the mole¬ 
cule, as distinct from the mere number of carbon atoms, was fully 
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TABLE 12 


H-U,C.R. values in Ricardo E, 35 engine under standard conditions. 
That is to say al 1,500 r.p.m. full throttle, 30° ignition advance, two 
sparking-plugs diametrically opposite, cooling water outlet temperature 
60° (7., heat inpul to the carburetter 1,350 watUs, and with the fuel-air 
ratio which gives maximum detonation. 


Fuel 

Aromatic Series: 

Benzene (pure).... 
Toluene (99% pure) . 

Xylene (91% pure) . 

Naphthene series: 

Cyclohexane (93% pure) . 

Paraffin series: 

Propane ..... 
i-Butane .... 

n-Peniane .... 
n-Hoxane .... 
n-Heptalie .... 
Octane ..... 
Nonane . . . . 

Ethyl alcohol .... 

t With these fuels pre-ignition on 


Boiling-point 



Molecular j 

or tlistilldtion 

H.V.C.H, 

weight \ 

range 


1 

C. 

6*9t 

78 

80 

70 

92 

1 110 

>7 0 

106 

84 140 

TrOt 

84 

80-8-81 


44 

- 38 

7*5 ! 

58 1 

1 -f 1 

5-85 

72 

36 

5*2 

86 i 

69-5 71-5 

3-75 

100 

98 

4-6 

114 

126-5-135 

3-9 

128 

! 151-8-154-6 

>7-5 

46 

78 


at thtwe ratios but no detonation. 


realized. Sinc5e Ricardo’s early work a great number of pure chemical 
substances have been examined for their detonation behaviour^** in an 
engine, and the result has been to confirm the fall of H.U.(^.R. exhibited 
in table 12, but also to show that the isomers of the normal paraffins, in 
which-the single straight chain of carbon atoms is replaced by one or 
more short branching chains, have totally different properties and in 
general detonate much less readily. Iso-octane, for example (2-2-4- 
trimethylpentane) is a powerful anti-detonant. When added to n- 
heptane it is nearly as effective as benzene in reducing the tendency 
to detonate.^^ 

Later experiments with pure n-octane and w-nonane have shown that 
their H.U.C.R. values are much below that of n-heptane. The higher 
values shown in table 12 were doubtless due to the octane and nonane 
having been mixtures of the normal with isomeric molecules. The 
isomers, besides having the same molecular weight, have nearly the 
same boiling-points as the n-paraffins. There are seven possible isomers 
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of heptane and eighteen of octane, so that the difficulty of exact identi¬ 
fication leaves plenty of room for anomalous behaviour. Some indica¬ 
tion of the purity of the substances tested can be found in the distilla¬ 
tion range, where a definite boiling-point is not given. But a narrow 
range, or even a definite boiling-point, is no evidence of the absence of 
isomers. 

Any spirits composed wholly of w-paraffins would be intolerable on 
account of detonation, and all commercial spirits, therefore, contain 
a certain proportion of aromatics and naphthenes, the former being 
added, if necessary, in the form of benzol, which is to all intents and 
purposes a non-detonating fuel. By additions of it, the H.U.C.R. of 
any other fuel can be raised in proportion to its total aromatic content. 
To improve the H.U.C.R. of an inferior fuel, however, up to the level 
required for a high duty aero engine, it is necessary to add as much as 
40 per cent, of benzol, and this is undesirable from several points of 
view. Not only is benzol relatively scarce and therefore expensive, but 
also its heating value per pound is 10 per cent, lower than that of the 
paraffin hydrocarbons, and it freezes in the neighbourhood of — lO^C.f 
instead of away down below — 50°C. 

Several substances have been discovered which, when added to 
petrol in even a very small proportion, have a pronounced anti-knock 
effect. The most important of these is the well-known lead-tetra-ethyl 
Pb[C 2 H 5 ] 4 , or lead ethide as we may call it for short, discovered 
by Midgley and Boyd,^^ a colourless liquid which decomposes when 
heated to 210^^0. and will readily dissolve in petrol. In the pure state 
it is extremely poisonous. Lead ethide mixed with a proportion of 
ethylene dibromide, C 2 H 4 Br 2 , is the ‘ethyl fluid’ of commerce, the 
second constituent being added in order to prevent the deposition of 
lead inside the engine after the decomposition of the lead ethide. The 
lead and bromine combine and are expelled with the exhaust gas as lead 
bromide, the greater part of which is not deposited until the gas comes 
into contact with the cooler parts of the exhaust system. 

This so-called ‘dope’, ethyl fimd, when added to petrol in the rela¬ 
tively minute proportion of 1/900 by volume (5 c.c. per gallon) produces 
a rise of H.U.C.R, of about 15 per cent., and is equivalent to the 
addition of 30 per cent, by volume of benzol. ' 

t Pure benzene freezes at +5® C., but commercial benzol contains toluene and xylene, 
and these lower the freezing>point. According to the British standard specification the 
freezing-point of benzol shall not bo higher than —14*^ C. 
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There are several other dopes, such as the iron and nickel carbonyls, 
Fe(CO )5 and Ni(CO) 4 , which are in the same class, but not so effective, 
and they are no more free from the liability to leave deposits in the 
cylinder. Apart from these organic compounds of metals, a great variety 
of non-metallic substances have been experimented with, in the hope of 
discovering a dope which is not subject to the two great drawbacks 
of ethyl fluid, its poisonous nature and its propensity for leaving harm¬ 
ful deposits in the engine. For although the association of ethylene 
dibromide with the lead ethide in ethyl fluid greatly reduces the 
amount of the deposits, it is not completely effective in preventing them 
altogether. When used in a proportion not greater than 1/900 by 
volume, which is the limit allowed commercially, ethyl fluid appears to 
be fairly innocuous,.at any rate in engines fci moderate duty; but when 
the proportion is raised much above this, or the power output and 
cylinder temperature of the engine are increased by supercharging, 
troubles from fouled plugs and valves are not slow to appear. Even if 
the proportion of ethyl fluid is only 1/900 a simple calculation will 
show that a 50 horse-power engine during a 10 hours, run will have 
something like J lb. of metallic lead supplied to it in the fuel, and even 
a very small proportion of this left behind in the cylinders cannot fail 
to lead to trouble in time. This addition of ethyl fluid in the proportion 
1/900 raises the H.U.C.R. of an average petrol about 0-8 of a ratio, and 
as there are large quantities of straight-run petrol with an H.U.C.R. of 
4-8 which one would like to raise to 7 or higher, it is clear that there is 
still a great opening for the ideal dope when it appears. 

Several of the non-metallic substances, out of the wide field which 
has been explored in the search for an ideal dope, are much more 
effective than benzol in suppressing detonation, but not so much so 
as to place them in the same class as ethyl fluid, or to justify the dis¬ 
tinction of being called a dope. A few of the most effective are given 
in table 13, which shows the percentage increase of H.U.C.R. when 
5 per cent, by volume of each compound is added to an average good 
class petrol. The corresponding figure for benzene is conveniently UO, 
so that the figures in column 4 also give the relative effectiveness to 
that. Ethyl fluid, on the same scale, would be represented by the 
figure 700 and the pure lead ethide by about 1,000. 

A full account of researches on a great variety of materials will be 
found in the references^®* given, and it will be sufficient here to say 
that lead ethide has so far, apiong substances commercially producible, 
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TABLE 13 

Percentage increase of H.U.C.R. obtained by adding 5 per cent, by volume 
of the anti-knock substance to an average good doss petrol. 


Name of substunce 

Chemical formtda 

Boiling-poi¥U 

Increase, of H.U.C.R. 




°C. 

per cent. 

Benzene 



80 

10 

Aniline . 


C.H,N 

184 

21*7 

Methyl aniline 


C^HjN 

194 

22-2 

Ethyl aniline 


C«H,iN 

204 

10*4 

Benzyl aniline 


C„H,3N 

310 

9-5 

Toliiidine 


C7H,N 

200 

18-3 

Xylidino 


C,H„N 

215 

22'3 

Cresol 


C^H.O 

190 

5'8 

Phenol . 


CeH«0 

I 181 

4-4 


no serious rival, and that none of the non-metallic dopes are sufficiently 
effective, in comparison, to make it worth while to develop their use 
on a large scale, in spite of the great advantage of an absence of any 
non-volatile products arising from their use which could form deposits 
in the cylinders. 

Art. 30. Engine experiments. Physical and chemical observa¬ 
tions 

Exhaustive i-esearches have been made on almost every aspect of 
detonation as it can be observed directly in an engine. Jt has been 
found, for example, that its occurrence is always associated with an 
increase in the heat loss to the surfaces of the combustion chamber, and 
that there is therefore nearly always some loss of efficiency and power. 
Withrow and Rassweiler^^ observed maximum temperatures in a 
detonating engine about 300° C. higher than with no detonation owing 
to the moi*e rapid completion of the combustion. Ihiring expansion, 
however, the fall of temperature was more rapid, so that the exhaust- 
gas temperature was lower under detonating conditions. Free carbon 
generally appears in the exhaust gases, and the occurrence of quite 
a slight degree of detonation may largely increase the rate of forma¬ 
tion of gummy deposit in the piston-ring grooves. This last effect is 
shown even when the cooling of the cylinder has been increased so as 
to maintain a constant cylinder-wall temperature with and without 
detonation. Failure to burn all the carbon, even when there was no 
excess of fuel, was observed also in the compression-ignition machine 
to be described in art.^ 34. When the conditions were such as to produce 
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the extremely rapid combustion that occurs in a detonating engine, 
fine powdery carbon was invariably thrown down. 

If detonation is allowed to become very violent, any surface of 
aluminium alloy exposed to the combustion becomes eroded, in much 
the same way that the metal of a gun barrel is eroded. The increased 
rate of heat loss, already mentioned, is probably to be associated with 
the scouring effect of the hot gases, rather than with any large increase 
of their temperature; and this may also be responsible for the curious 
erosion observed, although chemical effects such as the presence of 
oxides of nitrogen are probably potent in this connexion, and possibly, 
also, in the promotion of piston>ring gumming. 

The conclusions which it is possible to draw from engine observations 
are very limited, however, as regards the real nature of detonation. 
One can scarcely get farther than the conclusion that whether or not 
detonation will occur depends on the chemical nature of the fuel and 
on the initial temperature and pressure, and rate of combustion, of 
that part of the working fluid first ignited. This portion, as it heats up, 
compresses before it the still unburnt portion, and the latter may or 
may not be brought to the state of nearly instantaneous combustion 
which we associate with the name detonation, according to whether 
the fuel has a low or a high ‘anti-knock’ value. A simple conclusion, 
but one which cannot stand by itself on close examination, might be 
that a low and a high anti-knock value could be identified with a low 
and a high spontaneous or self-ignition temperature of the fuel when 
mixed with air and compressed. Such a conclusion is untenable because 
there are fuels which do not detonate readily in an engine and yet which 
show a very low self-ignition temperature when tested under conditions 
of sudden adiabatic compression. 

It is necessary to interpose here that the figure obtained for the self¬ 
ignition temperature of a fuel depends very much on the nature of the 
experiment made to determine it. This may be of the tyj)e devised by 
Moore,^^ in which a drop of the fuel falls into a heated platinum crucible; 
or a fuel-air mixture may be suddenly compressed, and the lowest 
temperature may be calculated at which the heat of compression is 
sufficient to ignite the mixture;* or again, the fuel-air mixture may be 
made to flow through a tube heated in an electric furnace, and the 
temperature noted at which combustion begins to occur, as indicated 
by the appearance of products of the reaction at the end of the tube. 

Each method will give a different result. The temperatures found by 

3997,9 o 



08 


DETONATION 


[IV. 30 


the crucible method will in general be a good deal higher than those 
obtained in the other two methods. This would be expected, for 
although it is difficult to define and interpret exactly what is happening 
in the crucible, one may be fairly sure that there will be intense local 
cooling as a drop evaporates before combustion, and the effect of this 
will be to necessitate a crucible temperature higher than the minimum 
needed to produce ignition. 

The other two methods do not really aim at observing the same thing. 
The temperature reached in the compression apparatus is a genuine 
self-ignition temperature, at which inflammation ensues, with a rapid 
completion of the chemical action. In the electric furnace, on the other 
hand, the first signs of combustion, as evidenced by the appearance of 
oxidized products, occur at a temperature well below that at which 
any general inflammation sets in. It might be expected that these 
temperatures of initial combustion would be lower than the self¬ 
ignition temperatures observed in the compression machine, and this 
is the case. 

TABLE 14 

Temperatures of initial combustion (T.I.C.) observed in passing fuel-air 
mixtures through an electric furnace, and spontaneous ignition tempera¬ 
tures {8.I.T.) observed by adiabatic compression. 

Fnvl T.J.C. i S.I.T. 


° c. i 


Pontane 




295 

316-336 

Hexane 




266 

307 

Heptane 




230 

284-298 

Octane 




215 

275-297 

Nonane 



• 

210 

,. 

Decane 




210 


Benzene 



. 

670 

373-380 

Toluene 




‘ 550 


Xylene 



• 

1 540 

.. 

Aniline 




502 


Ethyl alcohol 




520 


Ether . 




145 

212 

Carbon disulphide . 




195 

2S3 


In table 14 are given some figures for the temperatures of initial 
combustion as observed by Mardles^® with the electric-furnace method, 
and for self-ignition temperatures in the compression machine, as found 
by Tizard^ and the present writer.^* It will be seen that corresponding 
figures for the former are from 30° to 60° lower than the latter, and that 









IV. 30] 


ENGINE EXPERIMENTS 


99 


both sets of figures agree in showing reactivity on the part of the 
paraffins at much lower temperatures than with the non-detonating 
aromatics, aniline, and alcohol; and also that within the paraffin series 
the greater propensity to knock of the larger molecules is associated 
with lower ignition temperatures. The behaviour of benzene in the 
electric furnace was most extraordinary, for it showed no preliminary 
stages of combustion at all. There was no sign of oxidation until a 
temperature was reached at which complete inflammation took place. 
This is the more significant when considered in conjunction with the 
fact, noted in table 12, that benzene was found to give pre-ignition at 
very high compression ratios without any previous detonation. There 
is here a clear suggestion that detonation is promoted by wbat happens 
during the early stages of chemical action ii> an engine cylinder, before 
any general inflammation has set in. This suggestion forms the basis 
of the theories discussed in the next article. 

To return for a moment to the physical phenomena of detonation, 
we have said in art. 28 that it is accompanied by a wave of high pressure 
travelling through the burning gases and being reflected from the 
cylinder walls, and that this is set up when the rate of burning of a 
part of the charge becomes enormously accelerated. Egerton^® has 
pointed out that it is incorrect to think of the detonation wave in an 
engine as being the same phenomenon as that which is characteristic 
of detonating combustion in a long tube; but that waves of high pressure 
are set up in an engine cylinder is now well established. The advent 
of high-speed photography and of electric pressure indicators devoid 
of inertia has enabled flame photographs to be made simultaneously 
with records of the rapid pressure variations which occur in the cylinder 
when detonation occurs.^® The perfect synchronism observed between 
the peaks of the pressure records and the ripples in the flame photo¬ 
graphs leaves no room for doubt that these are caused by pressure 
waves in the burning gas. Taylor^^ and others have measured the 
frequency of the pressure waves in a detonating engine and have shown 
that these agree closely with the calculated frequency based on the 
velocity of sound in the burning gases. 

The nearly instantaneous combustion which sets up the pressure 
waves is confined, as already noted, to the last part of the charge to be 
burnt. This unbumt residue, or ‘end-gas’, will be at a pressure of the 
order of 600 lb. per sq. in. and will have been heated by compression 
during the early stages of combustion to, or beyond, its self-ignition 
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temperature. If it then burns so quickly that the volume has not time 
to change appreciably, the local pressure will be of the order of 1 ton 
per sq. in., and may well suffice to explain a broken piston. 

The occurrence of these local high pressures and the characteristic 
‘knock’ which they produce cannot, however, be related simply to the 
self-ignition temperature of the fuel. To carry our description one stage 
farther reference must be made to the observations on ‘ignition-lag’ to 
be described in art. 34. It is there shown that combustion of a fuel-air 
mixture raised by rapid compression to its self-ignition temperature 
only takes place after a delay which may amount even to f sec. The 
delay becomes shorter as the temperature of compression is raised, but 
delays of 0*05 sec. were observed even when the compression tempera¬ 
ture was 40® C. above the minimum necessary to produce ignition. Since 
the time to complete the combustion in an engine even at 1,000 r.p.m. 
is only about 0*01 sec., and much of this is always occupied by the 
normal advance of the flame front, it is clear that the ignition-delay 
which is characteristic of a hydrocarbon/air mixture when heated by 
compression must be fundamentally important in the process of a 
knocking combustion. The existence of the delay period is sufficient in 
itself to explain the time element so often observed in a detonating 
engine, the knock becoming more severe as speed is reduced. 

It must not be forgotten that detonation is ultimately a chemical 
problem. To understand what lies behind the phenomenon of the 
ignition-lag and give an explanation of the suppression of detonation 
by the addition to a fuel of a relatively minute proportion of lead 
ethide we have to study the complex chemical changes which take place 
in advance of the flame front in an engine cylinder, and may even have 
begun during the earlier history of the charge from the time when it 
was first exposed to the hot surfaces of the piston and exhaust valves. 

This chemical aspect will be dealt with fully in the next article. If 
we are content for the present with an engineer’s explanation, it can be 
said that there are two factors on which detonation depends, (a) the 
self-ignition temx)erature of the fuel, and (6) its ignition-lag, when 
rapidly compressed to a certain temperature. The fuel/air mixture 
which forms the ‘end-gas’, compressed first by the piston knd later also 
by the expansion of the first part of the charge to bum, is heated to a 
tem[>erature well above its self-ignition temperature. If given time it, 
or some part of it, will ignite instantaneously and produce a knock. 
On the other hand, the ignition lag may be long enough, or the engine 
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speed and rate of flame travel high enough, to enable the flame front to 
spread right through the end<gas and consume it by normal combustion 
before detonation can occur. 

From observations made on the compression machine to be described 
in art, 34 it has been suggested that the differences of ignition-lag 
observed with different fuels under comparable conditions may be 
related to differences in the rate of acceleration of the combustion of 
the fuel with rise of temperature, and Tizard has developed a theory 
of detonation based on this temperature coefficient of combustion. He 
pointed out that it was known from observations of the rates of slow 
chemical reactions at lower temperatures that the rates vary with the 
absolute temperature T in a way which can be empirically expressed 
by an equation of the form 

k = 

where k is the velocity constant of the reaction and A and B are con¬ 
stants, B being the ‘temperature coefficient'. The values of A and B 
may be such that the rate of the reaction increases very rapidly with 
rise of temperature. Many reaction rates are more than doubled by a 
rise of 10®C. If this temperature coefficient is of the same order for a 
rapid reaction like the combustion of a hydrocarbon, then the extremely 
rapid combustion associated with detonation in an engine may be only 
the normal rate at the flame temperature for certain reactions, of which 
the temperature coefficient is sufficiently high. According to this view, 
it will be observed, there is no definite temperature above which 
ignition will occur and below which it will not. Chemical action will 
occur at any temperature above the absolute zero, but at ordinary 
temperatures it may be so slow as to be quite beyond detection. 

A difficulty with Tizard’s theory as a complete description of detona¬ 
tion is that the controlling factor should be the maximum flame tem¬ 
perature and that a knocking combustion would simply be one in which 
the spread of the flame front had become enormously accelerated by 
the combination of a high temperature coefficient with a high flame 
temperature. The very beautiful flame photographs of Withrow and 
Rassweiler,^® however, of which some examples are reproduced in fig. 
16, have shown quite definitely that the nearly instantaneous comr 
bustion associated with knocking is something quite distinct from 
normal combustion greatly accelerated. It starts at one or more points 
well in advance of the flame front (see exposure a 2. in fig. 16) and 
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where the gas, therefore, is far below the flame temperature. The 
photographs of flg. 16 show most convincingly the rapid combustion 
under detonating conditions, complete about 4 deg. after the dead 
centre, as compared with the steady advance of the flame front when 
a non-detonating fuel (iso-octane) was used. In certain experiments 
two distinct centres of knocking combustion could be identified, start- 
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Fig. 16. Comparative photographs of (a) a detonating and (6) a non-detonating 
combustion, taken at the rate of 2,250 exposures per sec. Interval between exposures 
2*4 deg. of crank revolution. Engine .speed 900 r.p.m. Ignition advance 25 dog. Air: fuel 
ratio (a) 14: l and (6) 15:1 b^’ weight. 
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ing independently. They were each shown both on the pressure record 
and in the flame photograph, and were due to two independent centres 
of self-ignition, each developing ahead of the flame front in different 
parts of the combustion chamber. 

Although the description of a knocking combustion in terms of the 
self-ignition temperature of the fuel and its ignition: delay under the 
conditions in the cylinder is satisfactory so far as it goes, it makes no 
attempt to explain why one fuel knocks and another does not, or why 
the addition of a minute quantity of lead ethide can profoundly affect 
the combustion characteristics of a whole gallon of fuel. If one pictures 
to oneself the mixture of air and vaporized fuel, how can it be that a 
few sparsely scattered molecules of the dope can affect the combustion 
of more than a thousand times as many molecules of the fuel? The 
answer to this problem calls for a chemical approach, and for experi¬ 
mental methods which go farther than is possible in an engine where the 



IV. 311 DETONATION AS A CHEMICAL PROBLEM 103 

observations are limited to certain physical conditions of the com¬ 
bustible mixture treated ag a whole. 

Art. 31. Detonation as a chemical problem 

Conclusions about the exact nature of the chemicnl reactions which 
go on in an engine cylinder are still to some extent tentative, chiefly 
because of the extreme difficulty of their close investigation under 
working conditions. It is virtually impossible to observe them directly, 
for the final products expelled through the exhaust valve give little 
clue to them, and if samples of gas are extracted from the cylinder 
during a cycle it is very difficult to be certain what further chemical 
changes the samples may not have undergone by the time they have 
been cooled and collected for examination. 

Withrow, Lovell, and Boyd®® have succeeded in following the 
chemical process of combustion to some extent, in its later stages, by 
examining the rate of disappearance of oxygen from the contents of an 
engine cylinder during the working stroke. For this purpose samples 
were extracted for analysis at different points in the cylinder head, and 
at different times. The great difficulty of this method is to keep the 
time of extraction of the sample sufficiently short, and to time the 
sampling valve with sufficient accuracy. In the work referred to, 
samples were taken over intervals as short as 2 degrees of crank revolu¬ 
tion, at a speed of 900 r.p.m. The results are of much interest, as 
showing that there is a well-defined and comparatively narrow zone 
of combustion which travels out from the sparking-plug at a velocity 
depending upon engine speed, in other words upon gas turbulence; 
and, moreover, that the forward velocity of the combustion zone is 
less in the neighbourhood of the cylinder walls. These experiments 
indicate, further, that immediately in the rear of this narrow zone 
combustion is apparently complete, at least so far as this may be 
deduced from a complete disappearance of oxygen from the analyses. 

As regards detonation, there was evidence of an accelerated speed 
of travel of the combustion zone when this occurred, but only during 
the last quarter of the maximum distance to be traversed from the 
sparking-plug. Detonation appeared to be without influence upon the 
rate of disappearance of oxygen until about three-quarters of the charge 
had been burned, an observation which has been confirmed by the 
flame photographs of Withrow and Rassweiler^® already referred to, in 
which the nearly instantaneous combustion was shown to be confined 
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to the last part of the charge to burn; and also by Schnauffer^* in 
experiments in which the spread of the flame was traced by the ioniza¬ 
tion it produced between the points of 24 small spark gaps distributed 
about the cylinder head. Withrow and Rassweiler’s photographs were 
taken through a quartz window forming the whole upper surface of 
the engine combustion space. In them the spread of a well-defined 
flame front can be clearly observed, followed, in the detonating engine, 
by self-ignition which started well in advance of the flame. 

The technique of gas sampling for the study of chemical reactions 
in the cylinder has been developed by Egerton, Smith, and Ubbelohde.^ 
They also succeeded in sampling the gases during a period of only 2 
degrees of crank revolution. Besides very consistent analyses of the 
gases in the cylinder after top dead centre, which confirmed the con¬ 
clusions of Withrow and his co-workers, Egerton was able to show that 
important reactions occur before the arrival of the flame front and 
especially in the neighbourhood of a hot exhaust valve. Earlier observa¬ 
tions by Withrow and Rassweiler,^® using a spectrographic method, 
had shown that the radiation from the flame of a knocking combustion 
differed from a non-knocking one, and that intermediate combustion 
products are formed in advance of the flame fronts in the last part of 
the charge to bum, and that these are much more in evidence under 
knocking conditions. Ricardo and Thomycroft^’ detected the presence 
of aldehydes in the cylinder contents immediately prior to combustion, 
and found that the addition of lead ethide to the fuel appeared to 
inhibit their formation. Dumanois and others^’ had also obtained 
evidence that w’hen an engine was knocking there were aldehydes and 
peroxides! present, but not otherwise. 

These earlier observations have been confirmed and placed on a 
quantitative basis by the work of Egerton, Smith, and Ubbelohde^® 
referred to above. Fig. 17 shows the disappearance of oxygen, with 
production of COj and CO, and fig. 18 the observed rise and fall in 
the concentrations of aldehydes and peroxides in an engine when 
knocking, under the same conditions of speed and throttle as in 
fig. 17. 

The experiments were made^on a ^Delco* engine of bore and stroke 
2^X5 im, which had a flat circular combustion space, with the sparking- 
plug in a recess at one side and the sampling valve near the opposite 

t The term * peroxides* Is here used to denote oxidizing substances which react with 
potassium iodide. 




30 20 10 TD.C. 10 20 30 40 50 60 70 

Dtyrtts of crank arytc 

Fig. 17. Composition of cylinder gases, no detonation. 



Fiar 18. Composition of cylinder gases, moderate detonation. 

end of the same diameter. The distance from the centre of the valve to 
the sparking-plug was in. The speed was 600 r.p.m., compression 
ratio 6*75, and ignition timing 22J® before top dead centre. 

It will be observed in fig. 17 that the disappearance of the oxygen 
occupies about 15^ of crank angle, but the steepness of fall of the curve 
was a good deal affected by throttle opening and whether or not there 
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was detonation occurring. Fig. 17 shows a non-knocking condition 
near full throttle. When there was violent detonation the slope of the 
oxygen curve was about three times as great. The great interest of 
Egerton’s work lies in t he consistent and reproducible figures obtained 
for aldehydes and peroxides, of which those in fig. 18 are typical for a 
condition giving moderate detonation. It will be seen that the peroxide 
concentration rises to 50 parts per million at 5° before T.D.C^, by which 
time there was almost no oxygen burned, and iiad dropi)ed to zero 10° 
later. In a non-knocking combustion there was never more than the 
merest trace of peroxides, while under violently knocking conditions 
the concentration rose to 145 parts per million 5° before T.D.(\ and fell 
to zero within the space of 5°. 

The variation of the maximum concentration of aldehydes between 
knocking and non-knocking conditions was far le.ss marked, being only 
between 5 and 7 parts per 1,000. but the rate of disappearance w as much 
greater under knocking conditions. The maximum concentration was 
always attained at the moment when the flame front reached the 
sampling valve. Under all conditions the concentration settled dow n to 
about 2 parts per 1,000, reached about 20° after T.D.C. in a knocking 
combustion, but not till 70° after in a non-knocking one. During most 
of the last part of the compression stroke the aldehyde concentration 
was constant at rather more ^han 1 part per 1,000, and since this cannot 
be accounted for by aldehydes in the residual exhaust gas it must be 
due to chemical action as the fuel-air mixture comes into contact with 
the hot exhaust valves. 

When the fuel was benzol no peroxides at all were detected, nor 
was there any sudden rise or peak in the aldehyde curve. The latter 
remained constant at 1^ parts per 1,000 right up to T.D.C. and then 
gradually rose during the next 35° to another steady value of 3 J parts 
per 1,000. This peculiar behaviour, however, was later shown, as 
explained below, to be due to impurities in the benzol. 

By testing samples of the cylinder gases when various aldehydes had 
been added to the fuel, it was shown that these produced no increase, 
but rather a decrease of peroxide formation, nor had the pi^sence of 
aldehydes in the fuel any marked influence on the tendency to detonate. 
The peroxides, therefore, were not oxidation products formed from the 
aldehydes, as might, indeed, be concluded from the relative position 
of the peaks of the curves in fig. 18. 

In further experiments Egerton showed that the chief peroxide of 
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which evidence liad been obtained was nitrogen peroxide, NOg, and 
that itH apparent rapid disappearance at T.D.C. was due to two causes. 
In part it was a genuine eflFect due to the rapid disappearance, after 
this point, of the oxygen necessary for ]>eroxide formation; but in part 
it was merely that the detection of the NOg by the liberation of iodine 
from KI became inhibited by the presence of sulphur dioxide, derived 
from small quantities of sulphur compounds in the fuel. It was proved, 
also, that the non-appearance of NOg with benzol was due to the same 
cause. When pure, sulphur-free, benzene was used NOg was found to 
be formed in increasing quantities throughout the stroke. 

There are strong reasons for thinking that the NOg owes its origin 
to surface reactions at the hot exhaust valves. In spite of the fact that 
the amount of it detected always increased wii h the intensity of detona¬ 
tion there was very little evidence that it had more than a secondary 
effect as a promoter of detonation. The organic nitrites and nitrates 
are powerful pro-knocks, but NOg itself was not found to be so when 
deliberately introduced, and furthermore there are fuels like cyclohexane 
which gave rise to a relatively high proportion of NOg and yet are very 
good from the point of view of detonation. All one can say, therefore, 
is that with some fuels the same causes which produce NOg give rise 
to the conditions necessary for detonation to occur. There seemed good 
reason to suspect, however, that certain organic peroxides, known to be 
potent knock producers, might accompany the formation of the NOg. 
Special methods were therefore worked out for detecting organic per¬ 
oxides in the presence of NOg, from which it was concluded that although 
the quantities are minute and their existence transient, certain organic 
peroxides behaving like ethyl hydrogen peroxide are found in the region 
where knock occurs just prior to the passage of the flame. Detonation, 
or knocking combustion of the last part of the charge to burn, is due to 
the violent break-up of these peroxides through their power of pro¬ 
moting chain reactions (see below) in a part of the combustible mixture 
which has been ‘pre-sensitized’ by the formation of these products of 
partial combustion. The type of reaction to which knocking is due is 
nearly always found to be one which is inhibited by the presence of 
lead ethide, and no theory of detonation can be satisfactory which 
does not provide an explanation of this inhibitory action by a few 
sparsely scattered molecules of the dope distributed throughout the 
fuel-air mixture. The first attempt at an explanation was Callendar’s 
theory^* of ‘nuclear drops’. He pointed out that whereas steam tends 
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to be condensed during a sudden expansion and re-evaporated by a 
compression, the reverse is true of certain hydrocarbon vapours. They 
can be condensed by a sudden compression. Callendar suggested that 
during the compression stroke of an engine the small quantity of non¬ 
volatile fractions of a petrol, which would be the last to evaporate, 
would remain as a comparatively small number of nuclear drops, and 
that even if the vapour pressure of the fuel were too low to allow any 
recondensation upon them on account of the compression, this tendency 
of hydrocarbons to recondense with rise of pressure would at any rate 
prevent complete evaporation before the end of compression. It was 
known that low volatility and high molecular weight, in the paraffin 
series, were associated with low ignition temperature and a readiness 
to detonate, and Callendar supposed that the tendency of any fuel to 
detonate was bound up with the persistence of these nuclear drops of 
low self-ignition temperature. 

When a dope such as lead ethide was present it would naturally 
become concentrated upon the nuclear drops after evaporation of the 
lighter fractions, since its own boiling-point is of the same order, about 
210° C. The number of nuclear drops would of course be small compared 
with the number of fuel molecules, and if we imagine that the dope 
associated with each drop can act as some kind of inhibitor upon the 
chemical activity of the drops, we have at least removed the difficulty 
of the apparently wide field of effectiveness of each dope molecule. 

There are obvious difficulties about accepting the theory. There are 
the awkward facts, for example, that certain gaseous fuels which can 
produce no nuclear drops can yet be made to detonate, and that when 
the experiment was tried of evaporating liquid hexan6 completely before 
admission to an engine cylinder, its detonating qualities were unaltered. 
The nuclear-drop theory, therefore, can be shown to be inconsistent with 
some of the major experimental facts, and we have to seek some other 
explanation of the widespread effectiveness of some of the metallic dopes. 

Egerton^**^® was led by his own and other experimental results to 
frame a theory which fits in well with the conclusions to be drawn from 
the experiments on low-temperature oxidation, and at the same time 
explains the action of dopes. He suggested that chemical action starts 
at a comparatively small number of ‘centres of high energy* wherever 
two specially active fuel and oxygen molecules happen to have en¬ 
countered one another and combined together. The first result of such 
an encounter is the temporary formation of one of the unstable organic 
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peroxides by the incorporation of the oxygen molecule in the fuel 
molecule. One may illustrate what is supposed to take place by the 
following symbolic picture of the molecular changes. Suppose the fuel 
molecule before it encounters an oxygen molecule is represented by a 
formula of the type 


H H 

I I 

R—C—C,—R 

I I 

H H 


in which i2 is a short way of representing some combination of carbon 
and hydrogen atoms depending on the molecular weight of the particular 
hydrocarbon. If this were hexane, for example, each R would represent 
OHgCHg (see art. 16). Now after collision with an oxygen molecule it 
is supposed that this may become incorporated so as to form a com¬ 
pound molecule, either of the type 


H H 

E-ii-Jj—R 
I I 

O H 

I 

O 

I 

H 

alkyl hydrogen peroxide 


or 


H H 

I I 

R-V—O—O—C-R 

i i 

dialkyl peroxide. 


Whichever peroxide is formed the compound molecule will be an 
unstable body in a high energy state, and a variety of things may 
happen to it. The new molecule may collide with another fuel, or 
another oxygen, molecule, with which it will react and produce further 
highly active products. These products in turn may collide with, and 
activate, other fuel molecules, and so on, a 'reaction chain’ being set 
up, Egerton has suggested that low-temperature oxidation, such as may 
occur in advance of the flame front, can only make progress through 
the setting up of reaction chains of this kind, since the average mole¬ 
cular energy is below that corresponding to the self-ignition tempera¬ 
ture. Anything which can break, or stop, the chain of reactions, w ill 
inhibit early oxidation and the formation of the highly active peroxides 
in a quantity sufficient to lead to detonation. 

There will be only a small number of these reaction chains at first, 
for the starting of each will depend either upon the presence of a hot 
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surface or upon the collision of fuel and oxygen molecules both of an 
energy well above the average molecular energy, which defines the 
temperature of the mixture. We have seen how the product of one of 
these collisions may set going a chain of reactions which release more 
and more energy and so propagate the chain. But if one of the early 
collision products had met with a comparatively inactive metallic 
peroxide such as lead peroxide PbOg, instead of meeting another fuel 
or an oxygen molecule, much less energy would have been liberated 
and the chain would have got no farther. Now during the compression 
stroke of an engine the lead-ethide molecules Pb(C 2 H 5)4 are certainly 
decomposed, and the first result will be the formation of PbOg. We 
have here, then, a possible way in which the reaction chains may be 
broken, and Egerton has made a further series of observations of great 
importance in the way they help towards an explanation of the great 
effectiveness of certain of the metallic dopes. It had already been found 
by several observers that in the metallic dopes it was the metal radical 
that was the essential party and Egerton showed that all the metals 
which }>ossess an anti-knock effect have the common property that they 
form tiao oxides, a higher and a lower, for example PbOg and PbO; 
and that a state of equilibrium can exist between these at the tempera¬ 
tures in an engine cylinder towards the end of compression. This 
jneans that when the PbOg molecule has reacted with a compound 
fuel-peroxide molecule, with mutual destruction and rearrangement and 
the reduction of the PbOg to PbO, the latter can be regenerated to 
PbOg by the next suitable impact with an oxygen molecule. Any such 
regeneration will mean that a single atom of tead from a lead-ethide 
molecule may be effective again and again in helping to break a 
reaction chain. 

It was mentioned earlier, and illustrated in table 13, that some organic 
substances, for example aniline and the aromatic amines, ai*e powerful 
anti-knocks, although too feeble, when compared with the very active 
metallic compounds, to justify their being classified as dopes. Their 
behaviour when oxidized is very similar to that of the metallic doi)e8, 
but of course we cannot expect any of the effectiveness derived from 
the regenerative behaviour descril^ed a.bove, because the whole of the 
doi)e would undergo combustion itself at the temperatures at which it 
would have to operate. The relative ineffectiveness of the organic anti¬ 
knocks, therefore, fits in well with Egerton’s theory. If the theory is 
sound, one may add, there is little hope of discovering the ideal dope; 
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for this would be one with all the effectiveness of lead ethide which yet 
would add nothing new to the products of combustion. In other words, 
it would be a dope which contained only carbon and hydrogen and could 
be trusted to burn away completely; whereas it is an essential of Eger- 
toll’s theory that an effective dope should contain an indestructible 
radical of which the level of oxidation can be raised and lowered by 
successive impacts with oxygen and fuel-peroxide molecules. 

Art. 32. Some further facts about fuels and dopes 

Much detailed information is now available about the interaction 
between fuels, dopes, and lubricating oils in an engine, which is of 
practical importance and of some theoretical interest, although it does 
not add much to our knowledge of the fundamentals of detonation. 
It has been found,for example, that successive additions of ethyl 
fluid to a petrol are not equally effective. The curve AB in fig. 19 shows 
the increase of H.U.C.R. through additions of ethyl fluid f up to 1/200 
by volume (23 c.c. per gallon) to a petrol of which the H.IT.C.R. when 
undoped was 4*75. In the same figure the curve AC show^s the effect 
of benzol added to the same fuel. 

It has also been found^® that small additions of lubricating oil to 
a fuel, of the order of 1 per cent., and especially of the vegetable oils 
castor and rape, are able to destroy almost completely the anti-knock 
effects of the iron- and nickel-carbonyl dopes. In a fuel doped with 
ethyl fluid, on the contrary, not only do these vegetable oils not have 
any bad effect upon detonation, but they actually appear to improve 
the anti-knock value of the doped fuel at normal intake temperatures. 
The mineral oils have a less marked effect on all the dopes in the way of 
reducing their anti-knock value, but on ethyl fluid rather less than the 
others. It will be seen from fig. 19 that the addition of 10 c.c. per 
gallon raises the H.U.C.R. from 4*75 to 6. The presence of 8 per cent, 
of mineral oil in the fuel will lower this figure to about 5*6, and other 
amounts in proportion. There are certain differences between mineral 
oils dejiendent upon the crude oils from which they are derived, and 
for information as to these details reference should be made to the 
original papers cited. 

It might at first sight be supposed that the effect, at any rate of the 
mineral oils, in reducing the H.U.C.R. of a doped fuel was due not so 
much to an effect of the oil on the dope, as to a natural propensity 

t The ethyl fluid contained 05 per cent, by volume of tetra-cthyl lead. 
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of the large hydrocarbon molecules of the oil to set up detonation on 
their own account. This, however, does not seem to be so, in the first 
place because even large additions of oil are found never to reduce the 
H.U.C.R. of a doped fuel below that of the same fuel without the dope, 
and secondly because, when added to an undoped fuel of naturally high 
H.U.C.R., they do not produce the same deleterious effect. 



Fio. 19. H.U.C.R. of petrol with added ethyl fluid f and benzol. 


A high temperature of the indrawn fuel-air mixture might be expected 
to promote detonation through the consequent increase of compression 
temperature. This it does, but experiments with the mixture raised 
to temperatures up to 90° C. have brought out certain interesting 
differential effects of temperature. A high induction temperature, for 
example, is more detrimental to the high anti-knock qualities of a fuel 
with much added benzol than if the H.U.C.R. is obtained by added 
ethyl fluid. It will be seen, in the figures of tables 15 and 16, that a 
rise of induction temperature from 10° C. to 90° C. produces, apart 
from any added oil, a fall of H.U.C.R. from 6 to 5 in the benzol mixture, 
but only from 6 to 6’26 in the ethyl-fluid mixture. With 8 per cent, of 
added mineral oil the fall of H.U.C.R. is from 6*76 to 4*7 with the benzol 
mixture, and only 5-55 to 4'9 with ethyl fluid. With 8 per ceqt. of 

t See footnote, p. 111. 
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TABI.E 15 

Petrol and ethyl fluid, H,U.C.R, at 10° C. and 90° C, induction tempera- 
tures with various proportions of added castor or mineral oil in solution. 

Percentage of oil I Castor nil Mineral oil 

in ftteUoil mixture \ HJJ.C.P. H.U.V.E. 

I at 10^ C. at 90^ C. at 10^ C. at 90 C: 

0 ’ 6*0 , 5-25 6*0 5-25 

4 6*0a .5*05 .5*75 .5*05 

8 (i-i j r»*o r)*.5r) 4*90 

12 (v2 I 4*95 5-35 4*80 

TABLE 16 

Benzol in petrol, H.U.C.R. at 10° C. and 90° C. induction temperatures 
with various proportions of added castor and mmeral oil in solution. 

Percentage of oil Castor oil Mineral oil 

in fuel-oil mLrturr H.U.C.R. H.U.C.R. 

I at 10® C. at 90® C. at 10® C. i at 90° C. 

0 j no 5-0 60 50 

4 ! :»'9r> I 4-0 5*85 4-85 

8 .V9 4-8 5-75 I 4*70 

12 , 5*85 4*75 5*65 4-55 

castor oil the effect of temperature on the benzol mixture is just about 
the same but on the ethyl-fluid mixture it is greater, producing a drop 
of fl’l to 5-0 as against 5*55 to 4*9. (-olumn 2 of table 15 exhibits the 
remarkable fact that 12 per cent, of added castor oil improves the anti¬ 
knock value of the ethyl-fluid mixture at 10° C. induction temperature 
from 6*0 to 6*2. 

The bearing of these experiments, in which lubricating oils were added 
to the fuel and introduced into the cylinder with it, upon practical 
engine conditions, is rather difficult to assess. It will depend uiion how 
much lubricating oil can get dispersed, during normal running, through¬ 
out the fuel-air mixture. It has been estimated that, if the oil consumed 
by an engine be expressed as a percentage of the fuel consumed, then 
an amount of oil equal to 1-5 per cent, of the fuel by weight is required 
for lubrication and is without effect on detonation; and that about 
half the remainder may be taken as affecting detonation in the degree 
shown by tables 15 and 16. Since the oil consumed by an engine may 
be 5 or 6 per cent, of the fuel, one may conclude that the effect of 
lubricating oil on detonation may become appreciable in practical work¬ 
ing. Detonation may be just as serious even if confined to one or twD 

»M7.» " o 
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cylinders of a multi-cylinder engine, and with an overall consumption 
of lubricating oil amounting to 6 per cent, of the fuel, it is always 
possible that certain cylinders are getting more than a fair share and 
that in them the consumption may be 10 or 12 per cent., with serious 
results on detonation. In supercharged engines it is difficult to prevent 
oil from the supercharger from being carried into the cylinders with the 
air. It is found that the amount so carried in may be as much as 4 per 
cent, of the fuel weight, and being swept in by the heated air it will 
be in the best (or worst!) condition to promote detonation. 



V 

COMBUSTION IN THE ENGINE CYLINDER 
Art. 33. Carburetter and heavy oil engines compared 

In every internal-combustion engine, whether it works upon the 
Otto or Diesel cycle, whether ‘two-stroke’ or ‘four-stroke’, and whether 
the fuel be gas, petrol, or a heavy fuel oil, the essential series of opera¬ 
tions is always the same. A cylinder-full of gas, mostly nitrogen, is 
compressed, heated, expanded, and thrown away. In a Diesel engine, 
air only is compressed in a volume-ratio of between 12 and 16 to 1, and 
the temperature of the air is then sufficiently high (550°-650° C.) to 
ignite the fuel oil when it is squirted in against the compression pressure. 

For obvious reasons the carburetter engine, which draws in a com¬ 
bustible mixture of air and gas, or volatile liquid fuel, cannot compress 
this mixture to anything like the same degree. It is an essential of the 
carburetter engine that ignition should not be brought about by the 
compression temperature alone, but should await the spark. The 
compression which can be used is limited further by the onset of detona¬ 
tion, and this differs, as we have seen, according to the fuel used. 

It has been emphasized in Chapter II that there is little or no justi¬ 
fication for the habit, common to many books upon the subject, of 
drawing the distinction between the petrol engine and the Diesel cycle 
as though it were a distinction between engines in which combustion 
occurs under conditions of approximately constant volume and constant 
pressure, having ideal indicator diagrams like those illustrated in figs. 2 
and 3. With the modern developments of the Diesel engine, conditions 
have so altered that in these days the real line of demarcation should 
be between carburetter engines with spark ignition on the one hand, and 
high-compression engines with auto-ignition and burning a heavy fuel 
oil, on the other. It is true that constant pressure combustion is 
approximately realized in some slow-speed engines, but in the high¬ 
speed heavy oil engine it becomes necessary to inject the fuel well 
before the top dead centre to get complete and efficient combustion, 
exactly as it is necessary to have an early spark in a high-^peed car¬ 
buretter engine, and under these conditions the indicator diagrams 
may show a rise of pressure after ignition which, seen to a base of piston 
displacement, looks equally vertical in both types of engine. Early 
fuel injection leads to better fuel economy, but also to higher maximum 
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pressures, and the limits of early injection are settled by what maximum 
pressure in the cylinder we are prepared to put up wdth. 

Figs. 20 and 21 are two indicator diagrams, each drawn to the same 
base of piston displacement and with the same pressure scale. The first is 
from a petrol engine of compression ratio 5: 1, running at 1,900 r.p.m.. 



Fig. 20. Indicator diagram from a peti-ol engine. 
Speed 1,900 r.p.m. Compression ratio 6:1. 


the second from a compression-ignition engine of ratio 14:1 at 2,200 
r.p.m. The point A marks the instant of ignition in the first and the 
start of injection in the second, the first 35® and the second 15® before 
the dead centre position, which is marked by B on each diagram. 
Thereafter the dots in each diagram indicate time intervals correspond¬ 
ing to 2® of crank angle. The point of maximum jiressure occurred in 
each engine at just about 12® after the dead centre. 

The Diesel diagram, owing to its high compression, is a good deal 
more sharply pointed than the petrol diagram, and it is clear that, as 
regards combustion at constant volume, there is little to choose between 
the two. Apart from pressure differences due to the difference of com¬ 
pression ratio, the two engines behave in a similar manner; and it must 
be understood that fig. 21 represents a perfectly normal diagram from 
a well-adjusted high-siieed Diesel engine. 

We shall see later on in this chapter that for many purposes indicator 
diagrams drawn to a base of piston displacement like iSgs. 20 and 21 
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do not show sufficiently clearly what is going on during the interval 
from 45° before to 45° after the dead centre. Events during this most 
important quarter-revolution of the crank can be much more clearly 
seen if the pressure curve is drawn to a base of crank angle as in fig. 22, 
where the two sets of conditions represented in figs. 20 and 21 are 



Fig. 21. Indicator diagram from compression-ignition research engine. 

Speed 2,200 r.p.m. Compression ratio 14 : 1. 

re-plotted on the same diagram. As before, the points of ignition and of 
injection are marked A on the respective diagrams, and it will be seen 
that while the petrol engine reaches its maximum pressure 12° after 
the dead centre, the Diesel does so slightly sooner, at about 10° after. 

It will certainly be surprising, to any one not familiar with this type 
of diagram, to learn that the indicated mean effective pressiue was a 
good deal greater in the petrol than in the Diesel engine: 136 lb. i)er 
sq. inch as against 122 lb. per sq. inch. In explanation of this it must 
be remembered, in the first place, that areas on the pressure-time 
diagram of fig. 22 do not represent work, as they do on a PV diagram, 
and that the high pressures round the dead centre only last while the 
piston is almost stationary; in the second place, during all the period 
to the left, of the dead centre line, the piston is doing negative work 
against the oompression pressure. It follows that although the pressure 
curve of the petrol-engine diagram lies throughout far below the Diesel 
diagram, the average difference between the pressures to right and 
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left of the dead centre line, when plotted on a base of piston movement, 
can be greater in the smaller of the two diagrams. 

The real value of an indicator, however, in giving us pressure-time 
records like those of fig. 22, does not lie in the power it gives of calcu¬ 
lating the indicated mean effective pressure. We shall see in Chapter 
VII that with high-speed engines the indicator is of little use for this 
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Fia. 22. The indicator diagrams of figs. 20 and 21 plotted upon 
a base of <*rank angle before and after the dead centre. 

purpose when a high degree of accuracy is required. The purpose for 
which an indicator record is of supreme importance when plotted to 
a base of time, or crank angle, is forgiving information about the process 
of combustion in the cylinder from the moment when the spark passes, 
or injection commences, until after expansion has well started. It is 
upon the sequence of events during this period that the power output 
and efficiency of an engine mainly de|)end. How much valuable informa¬ 
tion can be gleaned from the pressure-time record will become clear in 
the next article. 

Art. 34. The combustion process in a homogeneous fuel-air 
mixture 

The promotion of rapid combustion in a Diesel engine is very different 
from that in a homogeneous mixture of air with gas, or the vapour 
of a volatile liquid, and wHl be treated separately in arts. 39 and 40. 
We will, however, so far anticipate what is said there as to point out 
that in fig. 22. the compression pressure on the Diesel diagram, if no 
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ignition had taken place, would have been about 470 lb. per sq. inch, 
and that the curve would have followed the indicator diagram so 
closely as to be indistinguishable except for the last few degrees before 
the dead centre. With the petrol-engine diagram the compression 
pressure would have been about 125 lb. per sq. inch, and the compres¬ 
sion-expansion curve has been added to the diagram as a dotted line. 
For the first 15® after passage of the spark there is no appreciable 
difference, whether combustion is taking place or not. There are two 
reasons which may contribute to this. In the first place, as the fiame 
front travels from the spark the mass of charge consumed is small in 
the early stages. This will be readily appreciated if we picture what 
happens when a charge, enclosed in a spherical vessel at say 100® C., 
ii^ ignited at the centre. When the fiame has travelled one-fifth of the 
radius there will be a central sphere of gas at a temperature of, say, 
2,150° C. absolute. The mass of this gas will be 

1 373 _ 1 

125 ^ 2,150 “ 720 

of the whole mass of gas. Hence the rise of pressure will be only about 
one seven-hundredth of the ultimate rise. Even when the fiame has 
travelled nearly half (0-47) the radius, the pressure rise will be only 
about two per cent, of its final value. 

This is not the whole explanation of the apparent delay period in 
spark-ignition engines, however, and the subject is sufficiently interest¬ 
ing and important to justify a short digression to describe some com¬ 
pression-ignition experiments in which it appeared in a much more ob¬ 
vious and even dramatic form.^» The experiments were made by Tizard 
and the present writer upon a machine of Ricardo’s design illustrated 
in fig. 23. In this machine a combustible mixture is rapidly compressed 
in the cylinder A, in any desired ratio, which can be varied between 
wide limits, and the plunger B is then held stationary at the top of 
compression. The initial temperature before compression can be varied 
by alteration of the cylinder-jacket temperature, and the compression 
ratio by screwing the whole cylinder and cylinder head up or down. 
The movement of the piston is effected through the operation of an 
internally expanding friction clutch fitted on to a large and heavy 
flywheel which is rotated at any desired speed by an electric motor. 
When the clutch is engaged the piston is driven upward through the 
medium of the toggle motion shown, and when it reaches the top of 
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its stroke it is automatically locked into position. At the same time 
the outside sheath of the telescopic connecting-rod, which drives the 
piston up, disengages from the central rod, on which it slides up and 
down freely so long as the clutch is kept engaged. 


D OIL JACKET 



Fig. 23. Machine for producing a single rapid compression. 


When the initial temperature and ratio of compression were such 
that the temperature reached by the adiabatic compression w^as a little 
above the self-ignition temiierature of the particular fuel used, it was 
found that a record such as that illustrated in fig. 24 was obtained. 
The surprising nature of this diagram will be clear when it is under¬ 
stood that the portion AB represents the pressure rise due to the 
motion of the piston, and that this is follow'ed by a period of constant 
or slightly falling pressure BC^ which in some experiments lasted no 
less than | second. In the record illustrated it was J second, the 
wa\’y line, which gives the time scale, being the trace of a tuning-fork 
making 100 vibrations per second. At the point (7, which is the end of 
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the delay, explosion takes place without any further outside influence 
whatever. The rapid rise of pressure shown at CD is followed by subse¬ 
quent cooling, everything from the jioint B onwards having happened 
at constant volume, and with no appreciable gas leakage meanwhile. 



Fia. 24. Pressure-time record taken with the compression-ignition machine. 


During the delay period BC^ cooling to the cylinder walls must have 
been going on, and one can argue therefore that ignition in some form 
started at B, for after that the average temperature must at once have 
started to fall. During all the delay period minute nuclei of combustion 
must have been smouldering, and then, after an appropriate period of 
incubation, burst out into a full-fledged explosion. 



ta 0 *1 *2 *3 0 *1 *2 -3 

^ TIME’SECONDS TIME-SECONDS 

Fig. 26. Two exceptional records obtained from the compression-ignition machine. 


It must be understood that this period of incubation was not a matter 
of chance. With all liquid hydrocarbon fuels it was found to be very 
consistent and to depend upon the amount by which the compression 
temperature exceeded a certain minimum below which ignition would 
not occur at all. As the compression temperature was raised above 
this minimum, so the delay period was shortened. 

How remarkably persistent these nuclei of combustion could be was 
proved by the accidental and very surprising records reproduced in 
fig. .25. In each of these two experiments, A, 13 and A, 14, the clip 
which should have held the piston failed to act the first time, and in 
consequence the first compression was followed by an expansion to 
atmospheric pressure, and then by a second compression, at the end of 
which the clip held ifast. The second compression in A. 13 is to a lower 
pressure by reason of heat loss to the walls, and possibly some slight 
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gas leakage, during the first. Since the temperature during the second 
compression must have been considerably lower than during the first, 
and was also lower than that in the second experiment A, 14 in which 
no ignition occurred at all, it api>ears certain that nuclei of combustion 
started at the moment of the first compression in 13 and were able 
to survive a drop in the average gas temperature down to rather below 
15° C., from v^hich initial temperature the first compression was made, 

TABLE 17 

JII list rating the constancy of the delay period with widely varying 
amounts of ignition advance. 

Spoo<l ...... 1,800 r.p.m. 

Comprc^88ioii ratio . . . . 7: ? 

Maximum power mixture. 



Approximate tempera- ’ 

Period before 


hire at the moment ; 

vinihle pressure 

lynition ativance 

oj ttpark i 

rise 

Degrees before 

“C. ! 

Degrees of crank 

dead centre 


revolution 

3e 

314 , 

20 

34 

335 1 

18 

2U 

356 

15 

24 

377 

15 

1C 

397 

15i 

14 

415 

15 

9 

427 i 

13 


The records showm ^n figs. 24 and 25 were obtained with volatile 
liquid fuels, but the same phenomena w^ere also exhibited by gases such 
as hydrogen and acetylene, although the results were less regular and 
the delays for the most part shorter. 

This phenomenon of delayed combustion which was demonstrated 
so clearly in the compression machine no doubt contributes to the 
period of 15°-20° of crank angle after the spark has passed in a petrol 
engine during which combustion has no appreciable effect upon 
cylinder pressure. Indeed, the likelihood is that it is mainly responsible 
for it. In an engine the mixture during this period is violently turbulent, 
whereas in a closed-vessel experiment or in the compression machine it 
is stagnant. The reason for the slow rise of pressure in a closed-vessel 
experiment given on p. 119, therefore, cannot be applied closely in an 
engine, where the rate of spread of the flame is extremely rapid as soon 
as combustion has fairly started. 

Although turbulence has a profound effect as soon as this stage is 
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reached, it has little or none during the delay period (see fig. 27). The 
approximate constancy of the delay jieriod under widely different con¬ 
ditions of temperature and pressure is illustrated in a beautiful set 
of diagrams reproduced in fig. 26, which were obtained by Ricardo. 
These were all taken at one time, during which the engine was running 
with exceptional steadiness and consistency, and from the very perfect 
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Fig. 26. Series of indicator diagrams showing the effect of changing 
ignition advance. Fuel, petrol. Maximum power mixture strength. 

Speed 1,800 r.p.m. Compression ratv 7:1. 

diagrams obtained it was found that with the various ignition timings 
marked on the curves, the periods which elapsed before there was an 
appreciable pressure rise due to combustion were as given in table 17. 

Between the diagram with the earliest and that with the latest 
spark the pressure was approximately doubled at the moment the 
spark passed, having risen from 84 to 180 lb. per sq. inch, while the 
temperature as shown in the table had risen by about 113® C. In spite 
of these wide variations of temperature and pressure at the moment 
the spark was passed the delay was roughly constant throughout. Its 
average value for the seven diagrams w^as 16® or 1/676 second. It 
follows therefore that the ‘ignition advance’ to compensate for the 
delay period, expressed as it usually is in terms of crank angle, must be 
increased in proportion to the crankshaft speed. 

This ignition advance to compensate for the delay period is only a 
part of the full advance necessary, for the time occupied by the pressure 
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rise has also to be allowed for, so that the peak of the pressure curve 
shall be reached before expansion has seriously begun. Experience has 
fixed 12° after the dead centre as a good standard to adopt for efficient 
working. If the peak pressure is reached later than this, it means that 
some heat of combustion is not developed until a point when the 
remaining ratio of expansion is seriously reduced, and therefore also 
the efficiency with which this late>developed heat can be utilized in 
the engine. 
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Fio. 27. Diagrams showing increase of delay period with increase of speed 


when expressed as degrees of crank revolution. 

As soon as the delay period is over and general combustion has set in, 
the rate at which it proceeds is directly dependent upon turbulence. 
Without turbulence the rise of pressure would be so slow that it could 
not be completed in the time available. Fortunately, as engine speeds 
increase, so also do the turbulence and the rate of pressure rise, so that 
the number of degrees of crank revolution occupied by the rise remains 
substantially constant, and th^:e is no difficulty about maintaining 
satisfactory early peak pressures at high speeds,, provided increased 
allowance (expressed as crank angle) is made for the delay period which 
remains, throughout, a constant length of time. 

The features described above are very well illustrated by two 
diagrams given by Bicardo^^ and reproduced in fig. 27. It will be seen 
that the pressure rise begins in each diagram 2|° before the dead centre 
and is completed about 10° after it, although the speed of revolution 
in one is twice that in the other.' The time occupied by the pressure 
rise was therefore just halved when the speed was doubled. On the 
other hand, 20^ of ignition advance had to be allowed for the delay 
period at the higher speed against 10^ at 1,000 r.p.m. 

The allowance for the delay in these experiments was 1/600 second 
as against 1/675 second in those previously quoted and illustrated in 
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fig. 26. The constancy of the delay period is closer than one would 
expect, considering that the two sets of experiments were carried out 
at quite different times and on a different engine. It is to be expected 
that the delay would vary to some extent with the nature of the fuel 
used, as well as with the mixture strength. 

Reference has already been made in art. 26 to experiments by Glyde,*-^® 
in which the spread of the fiame front in an engine cylinder was directly 
observed. Both in these, and in the experiments of Withrow, Lovell, 
and Boyd,*® referred to in art. 31, figures for the rate of spread of the 
flame under various conditions were obtained. Absolute values for the 
rate of spread will necessarily depend upon the design of the cylinder 
head, but both sets of observations confirm the conclusion reached 
above, that when inflammation has once started, its rate of spread is 
dependent mainly upon turbulence and is nearly proportional tp engine 
speed. Glyde, using a stroboscopic method of direct observation of the 
advancing flame front, through a series of small glass windows in the 
cylinder head, states that for combustion chambers of the Ricardo 
turbulent type (see art. 61 and fig. 82), with a rate of pressure rise of 
from 3(MtO lb, per sq. inch per degree of crank revolution, the flame 
velocity may be given as of the order of 30 ft. per second initially, rising 
to a maximum of 300 ft. per second, at an engine speed of 900 r.p.m. In 
the ordinary type of combustion chamber, with side-by-side valves, 
in which the rate of pressure rise was 23 lb. per sq. inch per degree in 
these experiments, the initial flame velocity was found to be about 25 ft. 
per second, at 900 r.p.m., rising to 150 ft. per second at its maximum 
value. The process of combustion occupied about 30 degrees of crank¬ 
shaft movement in this type of head, and 25 degrees in the turbulent 
type. 

Both in this engine, and in that used by Withrow, Lovell, and Boyd, 
it was found that the spread of inflammation, after a slow start, reached 
a maximum speed and then slowed down again as the flame front ap¬ 
proached the cylinder wall, provided always that detonation was not 
occurring. In both series of experiments, also, it was found that the 
rate of spread near the walls was always less than across the centre of the 
head. As compared with the maximum flame speeds given above from 
Glyde’s paper, the American experiments show maxima which vary 
from 50 ft. per second at 500 r.p.m. up to 200 feet per second at 1,200 
r.p.m. Since the engine used in these experiments had a plain L-type 
head, with no special arrangements for promoting turbulence, one may 
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gay that the agreement between the two sets of results, arrived at by 
totally different methods, is remarkably good. 

Art. 35. Ignition and ignition timing 

As in the last article, so in this one, we shall be concerned only with 
the carburetter engine. In this type, ignition is now almost universally 
initiated by a high-tension spark, which is generated at the plug points 
either by a magneto or by a battery and high-tension coil. For the 
present all we need to know about these accessories is that they are 
able to produce, at one or more plugs in the cylinder head, a spark 
which can be accurately timed to occur at a particular moment, the 
timing being adjustable to suit the conditions of running. When the 
spark is produced by a magneto the energy liberated, or in common 
parlance the ‘fatness* of the spark, depends to some extent upon when 
it occurs. When generated by a battery and high-tension coil, on the 
other hand, the spark energy is the same under all conditions. 

In an engine running at full throttle and on a full power mixture the 
intensity of the spark matters little. The natural rate of burning of the 
mixture is so great that a spark of some sort is all that is needed to 
establish the combustion nuclei, which in due course develop into 
rapidly growing centres of combustion, and these are swept at high 
speed throughout the mixture by its own turbulence. If the engine is 
throttled, however, or the mixture strength is weak, the energy and 
duration of the spark may be very important. Under these conditions 
the natural rate of burning of the mixture, that is, the rate of spread 
of the flame under stagnant conditions, is much reduced, and com¬ 
bustion of the whole cylinder contents in a reasonably short time is 
much helped by a fat and lasting spark, which then fulfils the function 
of a torch, past which the sluggishly burning gases are swept, and 
ignited as they go. 

The .rapid completion of combustion is helped to some extent even 
under full power conditions by simultaneous ignition at more than one 
point; either because of the greater number of nuclei established, or 
because the spark normally lasts rather beyond the delay period and ’ 
gives a certain amount of ‘torch effect’. The fact that all aero engines 
carry two plugs per cylinder is not solely a precaution against failure 
of the ignition system. It is invariably found that a few^ per cent, more 
power can be obtained w4th tw o plugs than with one, as well as a slightly 
improved elKciency. 
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Some interesting experiments were made by Burstall^® uiion the 
effect of varying the number and placing of the sparking-plugs in one 
of the well-known ‘E. 35* variable compression engines designed by 
Ricardo.2^ This engine has a flat, circular 
combustion space with four plug sockets 
almost equally spaced round the peri¬ 
phery. There are three exhaust and 
two inlet valves arranged in the flat 
cylinder head as shown in fig. 28, which 
also shows the jiosition of the plug 
sockets in relation to the valves. Bur- 
stall found that the position of a plug 
or plugs in relation to the valves was 
important. In his experiments, in which 
coal gas was the fuel, there was a notice¬ 
able improvement both in power and 
efficiency when plugs were placed near 
the inlet, as against the exhaust, valves. 

Two plugs showed an advantage over one, except that one ]flug in 
position ^ or jB was superior to two together when these h ere both 
near the exhaust valves at C and D. The most instructive of the 

TABLE 18 

Influence on power and efficiency of the number and arrangement of 

sparking-plugs . 

E. 35 engine. Fuel, coal gas. 

Speed, 1,000 r.p.m. Compression ratio, 5:1. 


No. of plugs and 

Indicated mean 

( Thermal 

position 

effective pressure 

; efficiency 


lb. per sq. inch j 

\ percent. 

2 at A and B 

101-6 

1 33-0 

2 opposite 

100-7 

I 33-0 

1 at A or 

100-7 

32-5 

2 at (7 and D 

1 90-6 

33-0 

1 at G or /> 

1 , i 

31-7 


*V.B. The fact that I.M.E.P. and efficiency do not vary together indicates slight 
changf3B of mixture strength between the experiments. The figures must therefore only 
bo rc^ad as a rough guide to the effect of plug positions. 

quantitative results are summarized in table 18. The deduction which 
one may perhaps draw from the beneficial influence of having a plug 
or plugs near to an inlet valve is that the later stages of combustion, 



Fig. 28. Plan view of cylinder hea<l 
of Ricardo ‘E. 35’ variable com¬ 
pression engine, showing posit ion of 
sparking-plugs at A, B, and D. 
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in the neighbourhood of the hot exhaust valve, were speeded up; and 
that the effect produced was equivalent to using a greater ignition 
advance. The experiments were done with a constant ignition advance, 
and it seems likely that if the amount of this had been adjusted for 
maximum power in each test, the effect of sparking-plug position might 
have disappeared in these coal-gas experiments. It must be remembered 
that, with a gaseous fuel, a possible richening of the mixture near the 
inlet valves, such as one might expect in a petrol engine, cannot have 
existed. In a petrol engine such a richening of the mixture might be 
responsible for improved performance when ignition was at a point near 
the inlet valves, but not so with gas. 

Coal gas being a non-detonating fuel, this factor was not present 
to affect BurstaU's results. With a liquid fuel liable to detonation, 
Ricardo has shown that this is promoted by firing the charge at a 
I)oint remote from the exhaust valve, so that the later stages of the 
combustion take place in its neighbourhood. When the cylinder head 
is of wide and shallow design, with the exhaust valve and sparking- 
plug on opposite sides, then the conditions are the worst possible for 
promoting detonation. 

The figures for I.M.E.P. in table 18 were obtained with the same 
ignition timing and, of course, at the same compression ratio. With 
a fuel liable to detonation it would be possible to run at an appreciably 
higher compression ratio with a single plug at (7 or J) than with one 
at A or B, and the optimum arrangement, with such fuels, would 
depend chiefly upon this factor of detonation. 

In a cylinder head with two sparking-plugs and four valves, two inlet 
and two exhaust, each pair side by side, the optimum arrangement is 
to have the plugs at opposite ends of a diameter, and each one equi¬ 
distant from one inlet and one exhaust valve. 

It has been mentioned in the last article that to obtain the highest 
power and efficiency from an engine, it is important that combustion 
should be as nearly as possible complete before expansion begins. 
Complete combustion, whatever the arrangement of sparking-plugs, 
will occupy a certain length of time, which may vary between wide 
limits according to the fuel-air ratio. With very weak mixtures the 
burning may be so slow that it must be initiated 40® or 60® before 
the dead centre, if it is to be reasonably complete before expansion has 
seriously begun: if the peak pressure, let us say, is to be reached within 
about 10® of the dead centre. When we adjust fbe spark timing so that 
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an engine develops its maximum power for any particular speed and 
fuel-air ratio, we are striking the best compromise between two condi¬ 
tions, namely, we are making the spark sufficiently early to allow 
combustion to be nearly cornjjlete before expansion begins, and not 
making it so early that the pressure during the last part of compression 
is seriously raised by-early combustion, with a consequent increase in 
the negative work to be done by the piston. 

A too early ignition, besides reducing the power through an increase 
in the negative work, will cause an excessive rate of pressure rise and 
maximum pressure, which between them will make a rough-running 
engine, even if violent detonation does not immediately set in. Over 
the range of ignition advance from 9° to 39° before the dead centre, 
covered by the series of indicator diagrams shown in fig. 26, the rate 
of pressure rise, after ignition was well started, rose from 17 to 36 lb. 
X)er sq. inch per degree of crank revolution; while at the same time the 
maximum pressure rose from 360 to 625 lb. per sq. inch. The brake 
mean effective pressure in the same series reached a maximum at about 
25° advance, but showed a variation of only 1 lb. per sq. inch between 
19° and 34° advance. 

A simple adjustment for maximum power, therefore, may not be 
sufficiently sensitive as a method of fixing ignition advance if we wish 
to study combustion conditions in the cylinder. The merits of the 
pressure-time form of indicator diagram for studying the effect of 
ignition timing have already been emphasized in the last article, and 
a further demonstra tion of its value is afforded by figs. 29 and 30. The 
two diagrams in fig. 29 show, by the difference between them, the effect, 
in a gas engine burning a weak mixture, of increasing the ignition 
advance by 11° of crank angle, from 52° to 63° before the dead centre. 
The two diagrams have been re-plotted to a base of piston displacement 
in fig. 30 and yield an identical mean effective pressure. It follows that 
the alteration of 11° in the ignition timing produced no difference in 
the power as measured by the brake, although the point of maximum 
pressure was reached, in one case 4°, and in the other 11°, after the dead 
centre. 

For studying the effect of a change of ignition timing or of fuel-air 
ratio, then, upon the rate of burning, it is essential to have some 
standard more exact than an adjustment for maximum power. It has 
been mentioned already that, on an average, maximum power is 
combined with maximum efficiency .when the peak pressure is attained 

89S7.9 q 




Fio. 30. Indicator diagrams to a baae'of piston displacement, plotted 
from the pressure-time records of fig. 29. 

12° late, when the fuel-air ratio was varied between 50 per cent, weak 
and 40 per cent, rich, at 1,000 r.p.m. and compression ratio 6:1. The 
results show how widely the rate of burning differs for different mixture 
strengths.! It will be observed that, in order to obtain the peak. 


t The curves for coal gas in fig. 31, as well as those in fig. 33, have been plotted from 
Burstairs figures, which assume a volume ratio in the correct mixture of coal gas and air 
of 1: 4*5. Accurate determination of the ratio of coal gas to air for complete combustion 
is a difficult matter on account of the presence in the gas of a small propcnrtion of heavy 
hydrocarbon vapours, such as benzene. These small quantities are d^cult to determine, 
and yet they have a large infiuence upon the air reqtiired per cubic foot of gas. Subse* 
quent recalo^lation has indicated that in Burstall’s experiments the ratio of gas to air 
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pressure in the standard position, a minimum spark advance of 30® 
was required at just about the maximum power mixture of 10-20 per 
cent, rich (see art. 36), and that as the mixture was weakened the 
necessary advance steadily increased until for a mixture 46 per cent, 
weak, 74° was required. It follows that the total time occupied by the 
burning of this weakest mixture, 86° of crank angle, was just double 
that of the most rapidly burning mixture, which gives maximum power. 



Fig. 31. Ignition advance necessary to develop maximum pressure 12° after the dead 
centre. Speed 1,000 r.p.m. Compression ratio 5:1. 

With the very weak mixtures and early ignition a fair amount of 
combustion was going on during the last 30° of the compression stroke. 
This can be seen in fig. 32, which is an indicator diagram taken with 
the weakest fuel-air ratio of fig. 31. The compression diagram for no 
ignition is shown dotted, and it can be seen that for the last 30° of 
the compression stroke the pressure of the full-line diagram is appreci¬ 
ably above the other, and that at the dead centre the extra pressure 
produced by combustion amounts to 50 lb. per sq. inch. The delay 
period of nuclear combustion has lengthened out with this very weak 
mixture to no less than 44°, as compared with 10° at the same speed 
for a full power petrol-air mixture, as illustrated in fig. 27. The 
two cases, however, are not really comparable, for in addition to the 

in the correct mixture was more nearly 1:4 than 1: 4*5, as assumed by him. This means 
that the curves for coal gas in figs. 31 and 33 should be shifted to the left by about 
10 per cent, of mixture strength, to the positions shown dotted. 
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diiFerence of fuel-air ratio the compression ratio in the petrol engine 
was higher. 

The curve CD in fig. 31 gives the same data in regard to ignition 
advance and fuel-air ratio for a petrol engine, as AB gives when coal 
gas is the fuel. The two curves when placed side by side in this way 
bring out very clearly the difference in behaviour between liquid and 
gaseous fuels on the weak side. On the rich side their behaviour is 
very similar; the minimum ignition advance, 21° for the petrol and 
30° for the gas engine at this compression ratio, is required in each 



ISO 120 90 74 60 30 TD.C 30* 60 90 120 ISO 

Fig. 32. Diagram with very woak coal ga>8*air mixture and 74 degrees ignition advance. 

Speed 950 r.p.m. Compression ratio 5:1. Mixture 54 per cent, of correct. 

case for a fuel-air ratio about 20 per cent. rich. For both fuels this 
is the most rapidly burning mixture and the one giving maximum 
power. 

On the weak side, on the other hand, the behaviour of the two is 
very different. In the gas engine, provided the appropriate ignition 
advance is given, the fuel-air ratio can be weakened steadily down to 
54 per cent, of the correct, with regular combustion and a rising 
efficiency. In the petrol engine, on the other hand, when the mixture 
is weakened from 90 per cent, to 80 per cent, of the correct, a rapid 
increase of ignition advance from 30° to 50° is called for, and beyond 
that point no amount of ignition advance can, in general, promote 
sufficiently rapid and complete combustion to give a peak pressure at 
the standard point of 12° after the dead centre. It has been found 
possible in an air-cooled aero engine to maintain steady running down 
to mixtures only 70 per cent, of the correct, but the operation on these 
very weak mixtures was found to be very sensitive to the form and 
temperature of the combustion space. So much so, in fact, a^ to preclude 
their use in practical service. At less than 80 per cent, of the correct 
mixture the combustion, as a rule, becomes hopelessly irregular, and 
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SO slow as to be still incomplete at the end of the expansion stroke; a 
condition which causes the familiar "pop-back ’ through the carburetter. 
Some further discussion of this characteristic difference between the 
combustion of weak mixtures in gas and petrol engines is given in 
art. 43, p. 174, and may be referred to at this point. 

In discussing fig. 31 we have passed from the discussion of ignition 
timing to the related question of fuel-air ratio, which will be dealt with 
more fully in the next article. The relation between the compression 
ratio and the appropriate ignition timing will be dealt with towards 
the end of art. 37. 

Art. 36. The influence of the fuel-air ratio 

Under this heading, again, the heavy oil engine stands completely 
apart from the gas and the petrol engine. Since the fuel is injected at one 
or more points in a fine spray which penetrates the air, and burns as it 
goes, it is clear that ignition of the fuel in a Diesel engine will not be 
affected by the ratio of the total air in the cylinder to the amount of 
fuel injected, so long as there is an excess of air. In the carburetter 
engine, on the contrary, with its approximately homogeneous mixture 
of fuel and air which has to be ignited locally at one or two points, 
combustion will only propagate itself and spread from the plug points 
if the fuel-air ratio is within certain definite limits. In a Diesel engine, 
if there is more air than is needed to combine with the fuel, the latter 
will take up as much oxygen as it requires to convert the carbon and 
hydrogen to CO 2 and HjO, and the excess air will simply be heated and 
expanded. In the neighbourhood of the jet the fuel-air ratio must vary 
from point to point between infinity and zero, and this factor can impose 
no more limitation upon combustion than it does in a candle-flame. If 
there is an excess of fuel, the portion injected late will fail to get burnt 
completely and will pass out through the exhaust valve as carbon or 
partially burnt products, and produce a black smoke. 

It is, perhaps, the most important feature of the Diesel engihe that 
it is able to work efficiently, indeed more and more efficiently, as 
the fuel-air ratio is reduced. When running at less than full load the 
air charge remains unaltered, but the fuel injected is reduced. The 
result is that the temperatures of the working substance throughout 
the cycle are reduced and the detrimental effects of the rise of volu¬ 
metric heat at high temperatures are less pronounced. The behaviour 
of the working substance at the lower range of temperatures is less far 
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removed from that of a perfect gas, and a closer approximation to the 
ideal air-cycle efficiency is possible. 

In the carburetter engine the ratio of fuel to air giving just complete 
combustion, the ‘correct’ mixture, is about 1:14*5 by weight for petrol 
and 1:4 by volume for coal gas; with approximate workable limits of 
from 1:18 to 1:9 for petrol and from 1:9 to 1:3 for coal gas. The limits 
will vary with the chemical composition of the fuel, more especially in 
the case of coal gas. 

On the rich side of the correct mixture, the proportion of fuel can 
be increased, in either a petrol or gas engine, by 40 or 50 per cent, 
without much affecting combustion, except that of course there will 
be in the exhaust gases a high proportion of CO and other intermediate 
combustion products. As we shall see presently, a small increase of 
power is obtained in either case as the fuel is increased up to a point 
when the mixture is about 10 to 20 per cent, rich, and falls off slowly 
beyond that point. 

The ability of a petrol engine to accommodate itself to a wide range 
of mixture strengths on the rich side, and to give nearly constant 
power all the way between a correct mixture and one 50 per cent, rich, 
is of great practical importance, for it enables the engine to survive 
the shortcomings of its carburetter and induction system. There are 
few carburetters which succeed in maintaining anything like a constant 
fuel-air mixture at all speedd and throttle openings, and no induction 
systems which distribute the fuel equally to all cylinders. Happily, 
owing to the power of accommodation exhibited by the individual 
cylinders, it matters little to the smooth running of an engine, provided 
no cylinder gets too weak a mixture, whether some of the cylinders 
get much too rich a one. But it matters, of course, from the point of 
view of fuel economy, for in order to ensure that every cylinder gets 
enough fuel we have to put up with several getting more than they 
need or can fully make use of. We shall see in art. 42 that this loss due 
to unequal fuel distribution between the cylinders amounts to about 
10 per cent, of the whole fuel consumption, and may be even more. 

Turning now to the behaviour of fuel-air mixtures on the weak 
side, which is really more important, for it shows the pathway to 
economy in fuel consumption, we saw in the last article that there is 
an important difference between liquid and gaseous fuels. Although 
a gas engine can be run steadily and efficiently upon a mixture con¬ 
taining scarcely more than half the fuel for the correct mixture, when 
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a petrol-air mixture is weakened more than 18-20 per cent, the rate 
of burning becomes so low and irregular that it may continue through¬ 
out the expansion and exhaust strokes and ignite the incoming charge 
for the next stroke, causing a back-fire through the carburetter. Even 
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Fic. 33. Indicated mean effective pressures at different fuel-air ratios. Compression 
ratio 5:1. No heat to air intake. Speeds: petrol 1,500 r.p.m., coal gas 1,400 r.p.m. 

before the point of weakness has been reached at which irregular firing 
and popping-back occurs, the working of a petrol engine becomes 
inefficient through slow burning and failure to generate the full gas 
pressure early enough in the expansion stroke. 

Turning first to the gas engine experiments of Burstall,*® the curve 
AB in fig. 33 shows the observed variation of indicated mean effective 
pressure as the mixture of coal gas and air was varied (m each side of 
the correct mixture,f in an engine running at 1,400 r.p.m. and com- 

t See note p. 130. 
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pression ratio 5:1, the ignition advance being always adjusted to 
the standard condition w ith the peak pressure at 12° after the dead 
centre. It will be seen that the maximum power was obtained with a 
mixture about 10 per cent, rich, according to the dotted curve, and 
that the power was then about 3| per cent, above that obtained with 
the correct mixture. On the weak side, that is to the left of the correct 
mixture line, the M.E.P. of course falls away as the fuel in the mixture 
is reduced. It does not do so proportionally, however, because the 
indicated thermal efficiency rose from about 32 per cent, to 36 per cent, 
for the range of mixtures covered, as is shown by the curve CD of 
fig. 50 on p. 175, and in consequence the power obtained at the weakest 
mixture was to this extent a larger proportion of the heat supply. 
There may also be small changes of volumetric efficiency to be allowed 
for. Power, for constant speed conditions, is of course proportional to 
the I.M.E.P., and the power of the gas engine, as shown by the left half 
of the curve AB^ is therefore well maintained dowm to mixtures about 
50 per cent, weak, and down to this point it has fallen away a good deal 
less rapidly than the fuel supply. A reduction of the fuel to half that in 
the maximum poww mixture is seen in fig. 33 to have resulted in a drop 
of power in the ratio of 120 to 80, or to 67 per cent, of the maximum. 

The curve A'B' in the same figure illustrates the corresponding 
behaviour, when using petrol, of the same engine under comparable 
conditions. On the weak side the curve does not extend beyond 20 
per cent, weak, at which point running became irregular, but it lies 
throughout substantially above the gas-fuel curve, and it is instructive 
to examine the factors which contribute towards the higher mean 
pressures obtainable with petrol. It will be observed that a higher 
thermal efficiency is not the cause, for the efficiency curve C"D', in 
fig. 50, would nowhere lie above the curve CD obtained with gas, even 
if the latter were shifted to the left to allow for the error in the correct 
fuel-air ratio already referred to. 

In the first place, when running on gas, the fuel-air ratio at the 
correct mixture is about 1:4*1 by volume, which means that of the 
gases entering the cylinder per stroke only about 4/5 is air, whereas 
with petrol the fuel enters the cylinder in the form of a heavy vapour 
displacing only about 2 per cent, of the air which might be drawn in 
(see art. 23). On this account, therefore, we might expect the power 
at the correct mixture to be increased when using petrol, over that 
obtainable with gas, for the quantity of oxygen available, and therefore 
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also the heat per cubic foot of cylinder contents, will be greater. The 
quantity of available oxygen with petrol and with gas will be, very 
roughly, in the ratio 0-98/0‘8 = 1-22. By reference to tabulated values 
(pp. 284-5) and to arts. 15 and 23 it will be found that the heats of com¬ 
bustion at constant volume and at 100° C. of the correct petrol-air and 
coal gas-air mixtures, taking heptane as typical of petrol, are respec¬ 
tively 78,680 and 70,020 ft.-lb. per S.C.F. The ratio of these energies, 
namely 1*12 to 1, is the chief factor in accounting for the difference in 
power output with petrol and with coal gas as fuels. There are, 
however, many other factors which come in to influence the power of 
the engine. Besides a possible difference of thermal efficiency, the latent 
heat of the liquid fuel will cool the ingoing mixture. The lower average 
temperature, and therefore greater weight, of the charge in the cylinder 
when the inlet valve closes will tend towards an increased power with 
liquid fuel, but to set against this there is the fact that in most petrol 
engines there is a certain amount of deliberate heating of the mixture 
on its way in through the induction system. This facilitates evapora¬ 
tion, and at the same time nullifies the cooling effect of the latent heat. 
Another difference between the gas and the petrol engine is that the 
‘choke tube’ necessary with a petrol carburetter can be eliminated on 
a gas engine, and this allows a freer passage for the ingoing air and a 
higher volumetric efficiency on the score of the higher pressure in the 
induction system during suction. The mean effective pressure obtain¬ 
able at any given speed, again, is very dependent upon whether the 
valve setting is the most appropriate for the speed at which the test is 
made. It is, therefore, unsafe to draw conclusions from any figure for 
mean effective pressure, or power, until allowances have been made for 
a host of possible infiuences. 

In the comparison given in fig. 33 the two tests were made upon the 
same design of engine, at the same compression ratio, and with no 
special heating of the ingoing air in either case. There was a slight 
difference of speed and of valve setting, but these differences can be 
allowed for, since the volumetric efficiency was known during each set 
of tests. On gas at the correct mixture it was 76 per cent., and on petrol 
77 iper cent., so that the effect of the cooling due to fuel evaporation 
was not all counteracted, when running on gaseous fuel, by the freer 
air passages referred to above. The differences of thermal and volu¬ 
metric efficiency, combined with the greater heat energy per cubic foot, 
should between them account for the higher power with petrol. If the 

a887*» m 
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mean pressure observed with coal gas at the correct mixture is in¬ 
creased in the appropriate ratio on account of the last two of these 
factors, we obtain 

116xM2x^= 132, 

7d 

which is about 3 per cent, lower than the observed figure for petrol. 
The petrol figures were obtained by Ricardo about 1921, and those 
with coal gas some three years later by Burstall at Cambridge. 

To hark back for a moment to the curve in fig. 33, the increase 
of power of at least 3J per cent, with a rich mixture of coal gas over 
that obtainable at the correct one is especially interesting, for although 
the same thing had previously been observed in a petrol engine by 
Ricardo, prior to Burstall’s experiments it might always have been 
argued tbat the increase of power on rich mixtures was due to some 
extent to an increased volumetric efficiency brought about by the 
extra cooling through evaporation of surplus fuel. In a gas engine no 
such effect is possible, and there is at the same time the increased dis¬ 
placement of air by fuel in the rich mixtures which, if it were not for 
the occurrence of dissociation, must necessarily reduce the power output 
appreciably as soon as the fuel-air ratio becomes richer than the 
correct one. 

It has been shown in arts. 12 and 24 that the calculated explosion 
temperature for the correct benzene-air mixture is reduced, when disso¬ 
ciation is allowed for, from 3,028® C. to 2,705® C.; and furthermore that 
the highest explosion temperature is not reached when the mixture is 
correct, but when it is some 20 per cent, richer than this. Over a con¬ 
siderable range of mixture strength, too, there is only a small variation 
in the explosion temperature, and therefore in the case of explosion 
pressures—^where volume ratios have to be taken into account—^the 
fall away of pressure with increase of mixture strength at the rich 
mixture end is still farther reduced. 

The calculated temperatures for the benzene-air mixtures were shown 
plotted in fig. 13 on p. 76, with and without allowance made for dis¬ 
sociation, and explosion temperatures calculated for coal gas-air 
mixtures would show the same characteristics. The shape of the curve 
of temperatures, when dissociation has been allowed for, corresponds 
closely with that of the curve of power variation against mixture 
strength which is found in practice, and which is illustrated by the 
curves AB and A'B' of fig. 33. Power with the rich mixtures will be 
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influenced, apart from the maximum temperature reached, by the 
volume ratio on combustion and by changes of volumetric efficiency; 
but neither of these factors can at all nearly account for the observed 
variation of power with mixture strength. In a gas engine, as already 
observed, there should be no change of volumetric efficiency, and there 
was none in the series of experiments illustrated in fig. 33. For an 
explanation of the increase of power obtained on rich mixtures in a 
gas engine, therefore, we are driven to changes in the maximum 
temperature brought about by the conditions of chemical equilibrium. 
The similarity of form of the curves of fig. 33 when compared with that 
of the curve of calculated explosion temperatures in fig. 13, allowing 
for dissociation—or still better with a curve showing temperature-rise 
multiplied by volume ratio—affords evidence that the assumptions 
underlying the calculations are substantially correct. As was explained 
in arts. 24 and 27, the absolute numerical values of the calculated 
temperatures must for the present remain somewhat uncertain, through 
lack of certainty as to the true volumetric heat figures at high tem¬ 
peratures, and some doubt about the accuracy of the equilibrium 
constants; but this uncertainty does not at all affect the foregoing 
argument, which relies only upon the relative accuracy as between tem¬ 
peratures at different mixture strengths. As soon as the data upon 
volumetric heats and equilibrium constants have been consolidated we 
shall be in a position to apply the type ol calculation given in art. 24 
with confidence in the absolute correctness of the temperatures found. 

Art. 37. The Influence of compression ratio on combustion 

Compression ratio is an important factor in determining the thermal 
efficiency of an engine, and in general it is advantageous to work with 
the highest ratio consistent with smooth running and absence of detona¬ 
tion. A full consideration of thermal efficiency and its limitations will 
be deferred to the next chapter, and for the present we shall deal only 
with the effect of a change of compression ratio upon combustion in the 
cylinder. 

It was stated in art. 11 that the average value of n in the equation 
pyn ^ constant, during tl^e compression of a fuel-air mixture, might 
be taken as 1-37 for a gas engine and 1*33 for a petrol engine. In 
treating of the effects of a change of compression ratio, we shall assume 
a petrol-air mixtiu'c, for it is primarily. with this type of engine that 
alterations of compression ratio are of such vital importance. 



140 COMBUSTION IN THE ENGINE CYLINDER [V. 37 

Taking n == 1*33, therefore, we arrive at the figures in the second 
column of table 19 for the compression pressures at various ratios, 
on the assumption that at the beginning of compression the pressure 
in the cylinder, is atmospheric. It must, of course, be remembered, 

TABLE 19 

Compression pressures and temperaturesy assuming n = 1-33 and the 
temperature before compression 100° C, at all ratios. 


Compression 

ratio 

Maoeimum 

compression 

pressure 

Maximum 

compression 

temperature 


lb. per sq. in abs. 

^C, 

4 

93 

31b 

5 

125 

362 

6 

159 

401 


195 

436 


as was explained in art. 11, that the pressure in any particular engine 
will depend upon the speed, valve-setting, type of carburetter and of 
induction system. The value of n taken will give a good average figure 
for the actual compression pressure in high-speed petrol engines, but 
not necessarily an accurate one for any particular engine. In discussing 
principles, however, what is required is consistency in the assumptions 
made, and relative numerical accuracy between the different sets of 
conditions, and this the acceptance of an average value of n will 
provide satisfactorily. 

If the contents of the cylinder at the beginning of compression 
were entirely the fuel-air mixture, the temperatures at the end of 
compression could be similarly calculated, and we should arrive at the 
figures in column 3 of the table, on the assumption previously made of 
a temperature before compression of 100° C. There is, however, the 
exhaust gas left in the compression space to be allowed for, and the fact 
that the amount of this diminishes as the compression ratio is raised 
has a most important influence upon combustion in the cylinder; a 
greater influence, in fact, than the changes of pressure and temperature 
which occur through the change of ratio by itself. The effect of the 
reduction in the proportion of exhaust gas at the higher ratios is two¬ 
fold, and the two effects are in opposite directions. The reduction of 
exhaust gas present has a direct effect in the way of increasing the rate 
of combustion of a chemically correct mixture, for it means less dilation 
of the mixture after its entry into the cylinder. On the other hand, the 



V. 37] INFLUENCE OF COMPRESSION RATIO ON COMBUSTION 141 

reduced proportion of residual gas means less heating of the incoming 
mixture and a lower temperature before compression. On account of 
the changing proportions of residual gas, the range of the compression 
temperatures between the ratios of 4:1 and 7:1 becomes considerably 
less than is suggested by column 3 of table 19. 

The dilution of the fuel-air mixture at any ratio, upon entry into the 
cylinder, may be arrived at as follows: 

Let Pq to the fuel-air mixture before entry, and P and T 

refer to the final, and diluted, mixture in the cylinder at the end of the 
suction stroke. 

Let 8 = the volume swept by the piston, 

C = the clearance volume, 

7}^ = the volumetric efficiency referred to fuel-air mixture at Pq 
and 

SA-C 

R = the compression ratio == . 

ij 

The volume of fuel-air mixture which enters the cylinder per stroke. 

The volume occupied by this mixture when the inlet valve has just 
closed, at the end of the suction stroke, is 

The total volume of gas at P and T is 

8-^C. 

Therefore 

total gas in the cylinder _ C-\-S PTq 
mixture entering cylinder Pf,T 

jB— 1 71^ PqT 

If the air in the entering mixture is a fraction m of the total volume, 
then the ‘dilution factor’ due to the residual exhaust gas will be 

1 R 1 PTq 
m B—l ri^PoT 

in terms of volume, or of jnass, if we neglect the difference between 
the speoifio gravity of the residual gas and of air. 

For a petrol engine working on the correct fuel-air mixture the 
value of m would to about 0'98. PjP^ will as a rule to nearly unity, 
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even at high speeds, and for simplicity will be assumed to be so. TJT 
and 17 ^. will depend (a) upon the heat picked up by the ingoing mixture 
from valves, piston, and cylinder walls, and ( 6 ) upon the heating by 
admixture with the residual exhaust gas. 

It is legitimate, in estimating the relative importance of (a) and ( 6 ), to 
imagine that the second stage, of heating by admixture with residual 
gas, does not occur until the end of the stroke, after the inlet valve has 
closed. We may do this because it can be shown that, apart from any 
difference in the volumetric heats of the two portions of the cylinder 
contents, admixture at constant volume after the valve had closed 
would cause no change of pressure in the cylinder. 

If we picture the fresh charge as remaining separate from the residual 
gas until after the valve has closed, and meanwhile acquiring an 
absolute temperature T\ then the volumetric efficiency, will be 
given by m p 

T' Po' 


The temjierature of the ingoing air would be initially about 15° (\, but 
this will be subject to cooling by evaporation of the fuel on the one 
hand, and heating from the hot valves, piston, and cylinder walls, as 
w'ell as in the induction system, on the other. Working backwards from 
measurements of volumetric efficiency we arrive at the figure of 60° C. 
as a probable temperature of a correct petrol-air mixture after entering 
the cylinder, and before mixing with residual exhaust gas. In other 
words, when JJ, = 288, an average figure for T' would be 333. P/Pq 
will in practice vary between unity and 0*96, and will be taken as unity. 

Turning now to the heating by admixture with residual gas, the 
temperature of the latter may be taken as 850° C. with sufficient 
accuracy. If the swept volume of the piston be now taken as 1 cub, ft., 
then the volume of the clearance space for ratios between 4:1 and 
7; 1 will be as in column 2 of table 20 . 

The fresh charge consists of a mixture of fuel and air of volume 1 cub. 
ft. and absolute temperature T', assumed to be 60° C. The 8 f)ecific 
gravities of the residual gas and fresh charge will be substantially the 
same, and therefore the volumes of each at N.T.P. given in columns 3 
and 4 of table 20 may also represent their masses. The average value 
of for the exhaust gas between 100° and 850° C. is about 25-0 ft.-lb. 
per S.C.F., as compared with about 21*2 for a benzene-air mixture 
lietween 60° and 100 ° C. After mixing, therefore, we obtain, as the 
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temperatures of the mixture before compression, the figures in column 
6 of table 20. After multiplying the corresponding absolute tempera¬ 
tures by the adiabatic compression factor, with n = 1*33, we finally 
obtain the figures in column 6 as the temperatures at the end of com¬ 
pression. 

TABLE 20 

Temperatures at the end of compression at different ratiosy after allowing 
for the changing proportion of residual exhaust gas. 


Compres- 
aion raiio 

Volume 
residual 
exhaust at 850° 

Volume ditto 
at N.T.P, \ 

Volume 
fresh charge 
N.T.P. 

Temperature of 
mixture before \ 
compression 

Maximum 
temperatures of 
compression 


cubic feet 



°C. 

°C. 

4 

0-33 

008 

0-82 

141 

381 

5 

0-25 

0001 

0-82 

124 

402 

6 

0*20 

0049 ! 

0-82 

112 

422 

7 

0107 

004 

0-82 1 

103 

442 


By comparing these figures with those previously given in column 3 
of table 19, it will be seen that allowance for the diminishing pro¬ 
portion of hot exhaust gas at the higher ratios has narrowed the 
difference in compression temperatures between 4:1 and 7:1 from 
120° C. to 61°C.t In this calculation our use of a single temperature 
of 850° for the residual gas at all compressions will tend to under¬ 
estimate its effect, for, if anything, the residual gas at the high ratios, 
besides being less in quantity, will also be cooler. The correction in¬ 
volved can only be very small, for if the temperature to be taken is 
lower than 850° C., then the quantity of residual gas measured at 
N.T.P. in column 3 of the table will be greater, and vice versa, but 
the point serves to show that the figure of 61° C. arrived at for the range 
of the compression temperatures between 4:1 and 7:1 is probably an 
outside one. The pressure before, and therefore at the end of, com¬ 
pression is unaffected by the admixture with residual exhaust gas, and 
apart from secondary effects due to differences of heat loss, and gas 
leakage, we may accept the figures of table 19 as sufficiently correct 
for purposes of comparison. The actual values observable in any 

t Oomparison of the compression temperature at 7:1 ratio in table 20 w.'th that at 
the same ratio in table 19 must not be taken as indicating a negli^ble effect of exhaust 
gas upon the temperature at this ratio. The figures show that the common temperature 
before compression of 100^ C., assumed for all ratios in table 19, is consistent only at 
7:1 with a temperature of 60*^ C. for the ingoing mixture before mixing with the residual 
exhaust ga#. 
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pc^rticular engine will, as with the pressures, depend upon the valve 
setting, the speed, and the induction system. 

With the rise of pressure and temperature at the end of compression 
we should expect some increase in €he rate of burning at the higher 
ratios, and there is ample evidence that this occurs. The reason, 
however, is rather a direct effect of the reduced proportion of exhaust 
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Fig. 34. Indicator diagrams at compression ratios 4, 5, and 6 to with constant 
ignition advance 30° before dead centre. Speed 1,500 r.p.m. Fuel, petrol. Constant 

mixture strength. 

gas left behind to dilute the incoming charge than the rise of pressure 
and temperature. Apart from simple dilution of the fiiel-air mixture, 
the high specific heats of the carbon dioxide and water vapour in the 
exhaust gas have a retarding effect on combustion, through a lowering 
of the maximum flame temperature, as has clearly been shown by 
experiments to be described in the next chapter. In these experiments 
the effect upon detonation of ^ificially increasing the normal amount 
of diluent, by adding cooled exhaust gas to the charge was found to 
be very marked. 

By way of illustrating the effect on combustion of a rise in the com- 
piression ratio, three indicator diagrams drawn to a base of crank angle 
have been plotted in fig. 34 so as to show how the time taken to reach 
maximum pressure differs for ratios of 4:1, 5:1, and 6:1. In each test 
the ignition waa timed 30° before the dead centre, and the time occupied 
to reach maximum piesiure is reduced from 0'0i054 seccmd at 4; 1 to 
0-00375 second at 6-1. As an interesting comparison, a similar set of 
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four diagrams taken with coal gas at ratios from 4:1 to 7:1 are repro¬ 
duced in fig. 35. The engine used was in each set of trials the Ricardo 
E. 35, but the speed in the coal-gas experiments was 1,000 r.p.m. as 
against 1,500 r.p.m. in the petrol diagrams. Ignition was again 30® 
before the dead centre. It will be observed that the time to reach 
the maximum pressure at 6:1 compression ratio was, in the petrol 



Fig. 35. Indicator cliagrams at compression ratios 4, 5, 6, and 7 to 1. Ignition advance 
30°. Fuel, coal gas. Mixture strength constant, 5 per cent. weak. Speed 1,000 r.p.m. 
A. Compression ratio 4-0; 1 B. Compression ratio 5*0:1 

C. „ „ 60:1 B. „ „ 70:1 


engine, just half the time in the gas engine. Part of this higher rate 
of combustion in the petrol-air mixture was due to the higher engine 
speed and greater gas turbulence in the cylinder; but it will be seen 
also that the speeding up of the rate of combustion in each series by an 
increase of compression ratio is about twice as great in the petrol as in 
the gas engine. 

The maximum and mean effective pressures are considerably lower 
in the coal-gas diagrams of lig. 35 than in the petrol ones, for reasons 
given in art. 36 and because the gas-air mixture was 5 per cent. weak. 
The diagrams for compression ratio 5:1 in each figure correspond to 
the tests on gas and petrol in fig. 33, the petrol engine at the correct 
mixture. 

Reference to art. 35 will show that in all these diagrams a certain 
amount of active combustion must have gone on before the dead centre. 
In the petrol experiments the ‘delay’ period must have occupied about 

» 837.9 u 
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15® (see fig. 2i) and in the gas experiments about 10®, so that some rise 
of pressure due to combustion had occurred for about the last 15® of the 
compression stroke in the petrol diagrams, and 20® in the gas diagrams. 
In table 21 some measurements from the diagrams are given for the 
purpose of calculating the ratio of pressure rise in each test, and if the 
figures for pressures at the dead centre in columns 2 and 3 are compared 
with those given in table 19 for compression pressures, we obtain some 
measure of the amount of combustion which had occurred. 

TABLE 21 

Showing the different rates of rise of pressure after the dead omirey with 
coal gas and with petrol, at various compression ratios. Figures taken 
from the diagrams of figs. 34 and 35. 

Fuel-air mixture with coal gas . 5 per cent. weak. 

Fuel-air mixture with petrol. . . Correct. 

Speed with coal gas .... 1,000 r.p.m. 

Speed with petrol .... 1,500 r.p.m. 

Time to 

maximum ItcOe of pressure 

pressure rise 

las Petrol Oas Petrol 

lb. per sq. in. per 
Degrees sec. 

21 19 67xl0» 114xl0» 

19 11 76 260 

16 4 92 430 

13 117 

A comparison of the average rates of pressure-rise between the 
dead centre and the peak pressure for each diagram has been worked 
out in columns Sand 9 of table 21. A comparison ofthe rates, as between 
gas and petrol, is of no special interest, for the rates will in any case 
depend so much upon the mixture strength and upon turbulence. From 
both aspects the conditions favoured the petrol engine, for its speed 
was 1,600 as against 1,000 r.p.m. and the mixture was correct, whereas 
it was 5 per cent, weak in the gas-engine trials. 

We are on safer ground in comparing the effect of a rise in com¬ 
pression ratio ui>on combustion in each series of diagrams than in 
compairing one series with the other, for in each set both turbulence 
and mixture stren^h were maintained constant. There is an increase 
of nearly fourfold in the rate of pressure-rise with petrol, between 4 :1 
and 6:1, as compared with only twofold with coal gas. 
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So much for the rates of pressure-rise immediately after the dead 
centre. Returning now for a moment to the amounts of burning 
which had taken place before the dead centre at the various ratios, 
there are given in table 22 the amounts of excess pressure due to com ¬ 
bustion over and above the compression pressures with no ignition, 
and in the last two columns each of these amounts has been expressed 
as a percentage of the total rise to the peak pressure. These last figures 
express in a rough way the percentage of the total available fuel heat 
which had been generated by the end of the compression stroke. 

TABLE 22 


Showing the amount of pressure-rise at the dead centre due to combustion 
at various compression ratios. 

Ignition advance 30"^ throughout. 



! 

Compression pressure j 

Pressure at dexid centre 
excess over compression 

Rise of pressure before 
the dead centre as a 

Compression 

ratio 

Coal gas 
n -= 1*37 

Petrol 

pressure 

fraction of total rise 

n = 1-33 

Coal gas | 

Petrol 

Coal gas 

Petrol 

4 

98-5 

93 

20 

62 

per cent. 
9-2 

per cent. 
20-6 

6 

133 

125 j 

42 

90 

15 

22 

6 

171 

159 

99 

356 

29 

65 

7 

212 

195 1 

129 

•• 

34 

•• 


It must be remembered that all the diagrams were obtained with a 
fixed ignition advance of 30° in order to demonstrate the effect of 
changing only the compression ratio, and one deduction to be drawn 
from table 22, and the diagrams themselves, is that this 30° was not 
the most suitable ignition advance for the different conditions. It was 
certainly too little for the lowest compression ratio, both in gas and 
petrol, giving, as it does, a peak pressure 20° and 19° after the dead 
centre respectively, and no doubt a power and efficiency below the 
best obtainable. 

The petrol diagram for 5 :1 and the gas for 7:1 each have their peak 
pressures just in the standard position, so that the ignition advance 
for these tests was probably correct for maximum power and efficiency. 
On the gas diagram for 6:1 the peak is only 3° later than the standard 
position and the difference would probably be imperceptible as affecting 
the power of the engine. For petrol at 6; 1 the advance was definitely 
too great. The peak pressure occurred 4° after the dead centre, and 
even if the amount of negative work and the augmented heat loss due 
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to early combustion had not already begun to affect adversely the 
power and thermal efficiency, it is certain that the running of the engine 
must have been unnecessarily rough owing to the extremely rapid 
pressure-rise; and that a rather later ignition would have given a 
smoother engine with at least as good power and efficiency. 

The curve of fig. 36 shows the results of a direct test made with the 



Fiu. 36. Variation of optimum ignition timing witli oomprossion ratio. 


E. 35 engine to find the optimum ignition timing at a series of compres¬ 
sion ratios when using a non-detonating liquid fuel, at 1,500 r.p.m., 
and with the fuel-air ratio giving maximum power. The optimum 
advance varies from about 45° at 4:1 down to 20° at 7-5:1. 

It may be remarked, in conclusion, that a rise of pressure before 
the dead centre due to combustion does not necessarily mean serious 
loss of heat to the cylinder walls during comjjression. Although some 
small loss by radiation begins at once, as soon as combustion has started, 
it will not become serious until the highest temperatures have been 
reached, and as for the conduction loss, - this will not begin until the 
flame front has reached the cool cylinder walls, which may not be until 
after a considerable rise of pressure has taken place. As soon as the 
flame front does reach the walls, the loss will be more serious at the 
higher ratios, for owing to the reduced size of the combustion chamber 
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its ratio of surface to volume is quite appreciably increased. From 10° 
before to 10° after the dead centre, during which period most of the 
combustion takes place, the volume in the cylinder is sensibly constant, 
and for the change in compression ratio from 4:1 to 7:1 the ratio of 
surface to volume of this combustion space increases from 1*8 to 2*5. 

Art. 38. The influence of temperature on combustion 
Under the conditions in which the indicator diagrams of figs. 34 
and 35 were obtained, the acceleration of combustion at the higher 
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Fig. 37. Two indicator diagrams taken at the same speed, 1,500 r.p.m.; 
the same compression ratio, 5:1; the same ignition adv'^ance, 30°, which 
show the effect on combustion of a rise of temperature. Fuel, petrol. 

compression ratios was brought about by a combination of different 
factors: a lower proportion of residual exhaust products, and a higher 
temperature and pressure when ignition takes place. The importance 
of the amount of residual exhaust gas has already been emphasized, 
and with a view to giving some idea of the effect of temperature by 
itself, an experiment of Ricardo may be quoted, which is illustrated 
in fig. .37. This shows two indicator diagrams taken at the same speed 
and compression ratio, and with the same ignition advance of *30°, 
but with a large difference of temperature between the two, both of 
cylinder jacket water and of ingoing charge. 

The raising of the temperature of the ingoing charge from 15° C. 
to 120° C., with all other conditions identical, reduced the time required 
to reach the maximum pressure from 44° to 41° of crank angle, or from 
0*0048 to 0*0045 sec. It is impossible to say just what rise of tempera¬ 
ture at the top of compression was produced by a rise of 105° C. in the 
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temperature of the ingoing gas, for in arriving at 122° C. as the approxi¬ 
mate temperature at 5:1 compression for normal conditions (table 20) 
a considerable allowance was made for the heat derived from hot 
cylinder walls, piston, and valves, before the inlet valve closed, and all 
these allowances would have to be very different when the ingoing gas 
was heated before entry to 120° C. The temperature before mixing with 
the exhaust products was, under normal conditions, taken as 60° C., 
and a good approximation to the new conditions would probably be 
to assume an increase of temperature of 60° C. in the mixture before 
compression, and 100° C. at the end of it. This involves the rough 
assumption that any heat which the ingoing gas at 120° C. picks up 
from hot valves and piston is counterbalanced by a loss to the cylinder 
walls, which were about 30° cooler than the gas. 

The temperature at the end of compression is in any case not of 
much importance, but rather the temperature 30° of crank angle 
before the dead centre, when the spark passes, for in each diagram by 
the time the dead centre was reached a good deal of heating through 
combustion had taken place, and the pressure was well above the 
probable compression pressure of 125 lb. per sq. inch (table 19). Of 
greater interest than the reduction of the time for the complete pressure- 
rise from 0*0048 to 0*0045 sec. is the much more marked acceleration 
of combustion during the early stages, before the dead centre. During 
the first 30° of crank angle after the passage of the spark the rise of 
pressure was increased, at the high temperature, from 115 to 204 lb. 
per sq. inch. In other words, the rate of combustion was nearly doubled 
by an increase in the gas temperature, at the moment when the spark 
passed, amounting to about 90° C. if the increase before compression 
was 60° C. 

Art. 39. The process of compression-ignition 

When fuel is injected into the combustion space of a cylinder, full of 
air at a high pressure and temperature, the problem of bringing about 
its complete and rapid combustion is wholly different from that in a 
petrol engine, in which a flame spreads from the spark throughout a 
more or less homogeneous fuel-air mixture. 

If the whole of the injected fuel is to be burnt, every particle of it 
must be brought, in a finely divided condition, into intimate associa¬ 
tion with its proper quantity of oxygen. This pulverizing, mixing, 
evaporation, and burning of the fuel has all to be achieved in a time 
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which, even in the comparatively slow-running type of heavy stationary 
engine, is very short. It is about 1/60 sec. for an engine running at 
300 r.p.m. and 1/400 sec. at 2,000 r.p.m. In the heavy stationary 
type of engine the pulverization and distribution of the fuel is accom¬ 
plished by squirting it in with a high-pressure air blast. For the light 
high-speed type of engine, which of late years hets been developed for 
road and air transport, the weight and complication of the necessary 
air compressors put them quite out of court, and a method of fuel 
injection has been developed which is independent of high-pressure air, 
the liquid fuel being squirted in as a fine jet or spray under direct 
pressure from a pump plunger. In these circumstances we are clearly 
dependent upon either turbulence of the air in the cylinder, or upon the 
penetration of the jet itself, for the proper mixing of the fuel and air. 
In a third method, which is really a combination of these two, the 
cylinder head incorporates a small 'pre-combustion’ chamber into which 
the fuel is injected in a partially atomized condition, and from which 
a mixture of burning and unbumt fuel is projected violently into the 
remainder of the combustion space through a number of small holes. 

If we do not rely upon penetration of the fuel jets, but upon air^ 
turbulence, then this must take the form of an organized ‘air swirl’ 
at an extremely high velocity which either persists throughout the 
compression stroke or is created towards the end of it, in such a way 
as to bring all the air into association with the fuel within about 30° of 
crank revolution, following the beginning of the fuel injection. 

Four alternative forms of cylinder head are illustrated diagrammatic- 
ally in fig. 38, in which (a) and (6) indicate the essentials of the ‘ directed 
spray’ and ‘pre-combustion chamber’ types of cylinder, while at (c) 
are shown a section and a plan view of the type of cylinder employed 
by Ricardo for producing air swirl in his sleeve-valve engines. At (d) 
is shown another Ricardo design, for use in poppet-valve engines, in 
which the air swirl is created in a side chamber of the cylinder head 
by the forcing of the air into it through a narrow orifice. In this form of 
combustion head the air swirl in the side chamber is chiefly created 
just at the end of the compression stroke while the fuel is being injected 
across the chamber in the direction indicated in the figure. 

In the sleeve-valve type of engine, on the other hand, the inlet air ports 
in the walls of cylinder and sleeve are so directed tangentially that the 
air as it enters is given a rapid circulatory motion round the cylinder 
axis before compression. At the end of compression this swirling 
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motion is further accelerated when the air is all forced into a combustion 
space of about half the cylinder diameter. As the fuel is projected 
axially from a point near the circumference of this combustion space, 
the highly heated air sweeps past it at such a rate that during about 35° 
of crank revolution a complete circuit of the combustion chamber is 



Fig. 38. Forms of combustion chamber, compression-ignition engine. 


made and all the air, by that time, has been carried past the burning 
jet. It has been found experimentally that a rate of swirl equal to 
about ten times the r.p.m. of the crank gives the most satisfactory 
engine performance, and that it is possible to burn about 75 per cent, 
of the oxygen of the air present, in an efficient manner. 

Fig. 39 shows an actual pressure-time record taken upon a single¬ 
cylinder engine employing the air-swirl principle. Fuel injection began 
15° before the dead centre^ and since the compression pressure, if there 
had been no combustion at all, would have been about 470 lb. per 
sq. inch for the compression ratio of 14:1, it is clear that for the first 
10 ° or 12° after fuel had first entered the cylinder it produced no 
appreciable effect upon the pressure. 

We find, therefore, in the compression-ignition process, a ‘delays 
period exactly analogous to the initial delay in a petrol engine, which 
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was discussed in art. 34. There is, however, a difference daring the 
later stages, for whereas in the petrol engine the combustion of the 
homogeneous mixture was substantially completed during a second 
stage, &om the end of the delay period to the moment of maximum 
pressure, in the Diesel engine Ricardo*^ has argued that the combustion 
process should be regarded as taking place in three stages while the 
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Fia. 39. Indicator diagram from compression-ignition engine em¬ 
ploying the air-swirl principle. Speed 1,600 r.p.m. Compression 
ratio 14:1. Fuel injection commences 16® before dead centre. 

B.M.E.P. = 112-6 lb. per sq. in.; I.M.E.P. == 136 lb. per sq. in. 

injection of the fuel proceeds, whether mi.:ing of the fuel and air is 
brought about by an organized air swirl or by the directed-spray 
method. 

The three stages envisaged by Ricardo are as follows: 

(1) The delay period, during which combustion is confined to small 
nuclei and the amount of heat produced is too small to affect the 
gas pressure. 

(2) A period of very rapid combustion, during which the fuel injected 
during the delay period is burned in an uncontrolled maimer. 

(3) A period during which the remaining fuel bums as it enters the 
coitibustion chamber, of which the contents have by this time been 
raised to furnace temperatures. The rate of burning and of pressure- 
rise can be controlled to some extent during this period by the rate 
of fuel injection. 

The periods are numbered 1, 2, and ^ in fig. 40, which shows an 
a^ificial indicator diagram in which the pressure-time curve has been 

3637.9 X 
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given an angular form in order to separate out the three stages. By 
comparison with fig. 39 the three stages can be quite well distinguished 
upon the experimental diagram. 

Whatever the exact sequence of events may be, it is quite certain 
that after injection of the fuel has begun there is a delay period of 
about 12° of crank angle at 1,500 r.p.m., that is 0*0013 second, during 



Fig. 40. Pressure-time diagram to illustrate the three phases of 
the combustion process in a compression^ignition engine. 


which there is no appreciable increase of pressure due to combustion, 
and that a period of very rapid pressure-rise follows during the next 
7° or 8°. The close parallelism with the beha^dour of a petrol-air mixtiue 
ignited by a spark is quantitative as well as qualitative, for reference 
to art. 34 will show that the time of delay in those experiments was 
0*0015 second. If we cannot do away with this delay, we must continue 
to allow for it by beginning the injection sufficiently early to allow 
maximum pressure to be reached before expansion has seriously begun, 
just as we allow for the same thing in a i)etrol engine by an early ignition 
timing. This early injection, however, followed by a very rapid and 
uncontrolled pressure-rise, is liighly unsatisfactory and is to some extent 
a confession of failure. 

A factor of great importance in Diesel engine operation is that of 
‘roughness’ of running. It is more readily to be apprehended from 
experience of an engine on test than defined in words, «md evmi..then 
its external effects may be masked by heavy imd rigid mountings for 
the engine. This will not save the engine, however, from the effects 
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of rough running, which, apart from easily perceived vibration, may 
take the form of rapid wear of any gears through which the load is 
transmitted or of damage to connecting-rod and main bearings. 

It has been proved experimentally that roughness is not dependent, 
as it might be expected to be, upon the maximum pressure in the 
cylinder, but that it is closely associated with the rapidity of the 
pressure-rise during period (2) of the combustion, and the same thing 
is true, also, in the petrol engine, as we shall see in art. 61. The rate 
of burning of the fuel already in the cylinder during this period has 
been spoken of above as being uncontrolled, and for an engine employ¬ 
ing the directed-spray method of fuel injection, it is so. With an 
organized air swirl, however, in which air is brought to the fuel rather 
than fuel to the air, the rate can be almost perfectly controlled by an 
alteration of the swirl conditions. 

With an engine in which the rate of swirl could be varied between 
wide limits while running, it has been found that the rate of pressure- 
rise during period (2) could be accurately controlled by the rate of 
air swirl, and, with it, the roughness of the engine. Starring from 
a slow swirl rate of about four times the crank revolution speed, which 
gives a smooth-running, inefficient, engine with a rate of pressure-rise 
of 10 lb. per sq. inch per degree of crank angle, maximum and mean 
effective pressures of 600 and 60 lb. per sq. inch, and a fuel consumption 
0-6 lb. per B.H.P. hour, the engine can be transformed by steady 
degrees, while maintaining the same quantity of injected fuel, into one 
giving an M.E.P. of over 100 lb. per sq. inch with a fuel consumption 
of 0*36 lb. per B.H.P. hour. This improvement is associated, step by 
step, with acceleration of the rate of pressure-rise up to 70 lb. per sq. 
inch per degree, at which point the engine is intolerably rough. In fig. 
41 are shown four diagrams, all taken with the same quantity of injected 
fuel, and the same injection timing, but with four different rates of 
swirl in relation to crank revolution speed. In diagram (4) the swirl 
was excessive, for not only was the engine too rough, but there was a 
small drop of M.E.P. below that of No. (3), which corresponds to 
maximum power and efficiency. 

The maximum pressure, during the speeding up of the swirl, 
increased from 600 to 900 lb. per sq. inch^ but independent experi¬ 
ments have shown that an increase of maximum pressure by itself 
does not necessarily produce roughness, and that if the rate of pressure- 
xise is very great an engine will be rough whatever the maximum 
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pressure. Fig. 42 is an example of a diagram fcPm an engine employing 
the directed-spray principle. The extremely rapid pressure-rise during 
period (2) will be noticed. It amounts on this diagram to 85 lb. per sq. 
inch per degree, and is, of ooiuse, quite uncontrollable so far as air 
movement is concerned. Although the average speeds of air movement 
in this poppet-valve cylinder were probably much less than in the 



Fio. 41. Diagrams with varying swirl rates, showing the acceleration of combustion by 
an increase of swirl rate. Engine speed 1,300 r.p.m. 

sleeve-valve cylinder, the very fine atomization of the jet produced by 
high-pressure injection of the directed spray has more than made up 
for the lower air speeds so far as rate of burning is concerned. 

The ideal of the Diesel engine designer should be to eliminate the 
delay, and merge periods (1) and (2) into one period of steady pressure- 
rise, during which the fuel bums as it enters the cylinder'. This would 
mean the initiation of vigorous combustion immediately upon entry. 
Now it must be remembered that although the peak compression 
temperature of an engine of compression ratio 15:1 is about 600° C., 
assuming an initial temperature of 100° C. and n = 1*32 (see art. 11), 
on the other hand the teipperature when thb fuel is first injected, 16° 
early, is only about 530° C. For a 12:1 compression ratio the figures 
would be 565° C. smd 500° C. Actual temperatures, moreover, are 
likely to be lower rather than hij^er than those given here, since the 
initisd temperature at these high compression ratios would i»bbabfy be 
rather below 100° 0., and the figures given in curt. 11 indies^ tihat the 
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effective value of the index n is likely to be below 1-32 rather than above 
it. Tests with the compression machine described earlier showed that 
on several occasions no ignition occurred when the temperature reached 
by compression was 450° C., even when the fuel was already evaporated 
before compression, so that when we recollect that some local cooling 
must occur by evaporation when the fuel is first injected, it is clear that 
there is very little temperature margin to provide certain and rapid 
ignition, and that any lowering of the self-ignition temperature of the 



Fia. 42. Diagram from an engine employing the ‘directed-spray* principle. Speed 
1,000 r.p.m. B.M.E.P. 121 lb. per sq. in. Fuel consumption 0’40 lb. per B.H.P. hour. 

fuel will be an advantage provided we do not thereby nullify its value 
as compared with petrol from the point of view of safety from fire 
danger. With the intention of lowering their self-ignition tempera¬ 
tures, certain chemicals have been added as ‘dopes’ to heavy oils 
with some success,*® just as dopes are introduced into petrol to prevent 
detonation. 

The alternative to lowering the ignition temperature of the fuel is to 
raise the compression temperature of the air. This must be done by 
some special cylinder head design which enables the air to pick up heat 
from the metal walls after, but not before, the inlet valve has closed at 
the end of the suction stroke; for then the gain of compression tempera¬ 
ture will be achieved without any loss of volumetric efficimicy. Ricardo’s 
‘comet ’ type of cylinder head illustrated in fig. 38 (d) is well arranged to 
achieve this nusing of the compression temperature of the air, for jt 
is possible to design the entry passage to the auxiliary chamber so as 
to be thermally insulated from the rMt of the cylinder head. The neck 
through which the air is forced is thanfore always at a high temperature 
and the air is heated on its way into the ‘comet’ chamber. Some 
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figures showing the beneficial effect of this design on combustion are 
given at the end of the next article. 

If we cannot abolish the delay period, and its remarkable constancy 
under very varied conditions seems to point to its being something 
fundamental in the ignition process, then it is desirable to design the 
fuel-injector mechanism so that a minimum of fuel is injected during 
period (1), leaving a large proportion for the later stages when combus¬ 
tion is well started and the rate of burning can be controlled to some 
extent by the rate of injection. If time is a necessary factor in the 
development of the flame nuclei into full combustion, then it will paj’^ 
to supply as little fuel as possible while the development is going on, for 
a microscopic amount of fuel, properly atomized, should suffice to form 
the centres of the nuclei. The difficulty lies in the fact that the condi¬ 
tions for good atomization at the start of injection are apt to be incon¬ 
sistent with those of slow initial delivery. 

Until we can succeed in reducing the delay period or slowing up the 
early rate of injection, it must foUow that, with an increase of engine 
speed, more and more fuel will be injected while the delay lasts, for 
the pump movements will in general be proportional to crankshaft 
revolutions. Period (3) is a time of roughly constant, or slowly rising, 
pressure, and the maximum pressure, therefore, is very nearly reached 
by the end of period (2). It follows that the maximum pressure will be 
mainly influenced by the quantity of fuel in the cylinder at the end of 
period (2), and will increase the higher the crankshaft speed. That this 
is so under any given set of conditions, as regards rate of injection and 
temperature, has been proved by experiment. 

A more detailed study of the delay jieriod follows in the next article. 

Art. 40. Diesel knock and the delay period 

Recent research has thrown much light upon the problem of pro¬ 
moting satisfactory combustion in the compression-ignition engine at 
high speeds, in regard both to features of engine design and to fuel 
characteristics. 

It was explained in the last article that with controlled combustion 
during stage (2) of fig. 40 it is jiossible to increase progressively the rate 
of burning and, step by step with this, the roughness of an engine. 
The i)oint was illustrated in fig. 4K If the uncontrolled type of com¬ 
bustion with its extreme rate of pr^ure-iise illustrated in fig. 42 
occurs in an engine after a long delay period, the result is an intoktable 
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roughness of running accompanied by a loud ‘knock’ somewhat, but 
not quite, like the pinking or detonation of a petrol engine. 

This ‘Diesel knock’ as it has been called is undoubtedly due to 
extremely rapid burning, often of a large part of the fuel charge, if the 
delay period before it has been long. There is general agreement that 
Diesel knock is nearly always associated with a long delay and that, 
failing its elimination, the shortening of this period is of primary im¬ 
portance for the development of a smooth running and reliable engine. 

Whether or not detonation and Diesel knock are identical in their 
physical nature, they are very similar in their effects, and equally bad 
for the engine. Diesel knock is accompanied by an extremely rapid 
pressure-rise, and by heavy vibration, with overheating of the piston 
and cylinder head; and this cannot fail to be followed by a falling ofiE 
in power, damage to bearings, and possible piston seizure. 

As was explained in the last article, the ideal to be aimed at is the 
instantaneous combustion of the fuel from the moment when it first 
enters the cylinder. And the possibility of an approach to this ideal 
must now be discussed from the two points of view, of the fuel and of 
the engine. 

The importance of the chemical composition of an oil, and the 
bearing of this upon its self-ignition temperature and chemical stability, 
have already been mentioned in art. 21. There is general agreement that 
a low S.I.T. must always be the ideal of a good Diesel fuel, and it will 
hardly be questioned that a fuel of low viscosity and high volatility is 
likely to be unsatisfactory on account of fuel-pump leakage and wear, 
even if these physical characteristics have no direct effect in the pro¬ 
motion of knock. 

It has been suggested by Dicksee^ that a high volatility is directly 
responsible for Diesel knock by reason of more rapid evaporation during 
the delay period, and simultaneous ignition thereafter of a larger mass 
of fuel-air mixture than with a less volatile oil. Whether or not volatility 
may affect matters in this way as between two oils which both give a 
long delay, there seems to be ample evidence that volatility, as such, 
has no effect upon the length of the delay, upon which the knock 
primarily depends. The essential condition for smooth running is that 
the delay should be short, and the comparative lengths of delay, when 
different oUs are tested in the same .engine; depends almost entirely 
upon the chemical nature of the molecule. 

It is true that the seriousness of a long delay may be very different 
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in different engines, although this does not affect the general conclusion 
that the shorter it is, the better. The development of knock is the 
combined result of a long delay, followed by a period of rapid burning 
which is much influenced by gas turbulence -in the cylinder. In a high¬ 
speed engine a high degree of turbulence is inevitable, and also essential, 
for upon it we rely for the completion of the main pressure-rise during 
period (2) (fig. 40) in the short time available. This leads inevitably to 



Fio. 43. Variation of delay angle with fuels of different chemical composition. 

roughness and knock, after a long delay: but the same delay in a slow- 
speed engine may be far less objectionable, for there will be time enough 
to complete the combustion even with a low degree of turbulence, and 
in these circumstances the rate of pressure-rise diiring period (2) may. 
be quite reasonable, though uncontrolled. 

To illustrate the wide difference of behaviour'exhibited in the same 
engine by oils of different chemical composition, when tested under 
comparable conditions, the results in fig. 43 have been selected from 
among those given by Le Mesurier and Stansfield.^ The figure shows 
the top part only of a series of indicator diagrams taken upon the same 
engine, all at 1,000 r.p.m. and with the fuel injection timed to com¬ 
mence at 13° before the dead centre. Water-jacket and air temperatures 
were also maintained constant, and so was the B.MJ!.P. 

It will be seen that the delay angle varied from 8° to 10°, and that 
for fuels (4) to (9) Ihe increasing delay was accompanied by an inmeasing' 
rate of pr^ure-rise. With fuel (12) combustion was so l(mg deferred 
that eooli^ of the gases by expansion after the dead-omitre had set 
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in before the start of rapid combustion, and the result was a less rapid 
rise of pressure; but also, of course, an inefficient engine, for the 
available expansion ratio would be reduced by the lateness of the point 
of maximum pressure. 

Le Mesurier and Stansfield have given a further, very interesting, 
curve showing how the noise and vibration of an engine, as measured 
by a special instrument, may be correlated with the length of the delay 



Fia. 44. Variation of noise and vibration with delay angle. 


period. This correlation is shown by the curve in fig. 44. Readings 
of noise and vibration go hand in hand, and are seen to increase rapidly 
with the delay until this reaches about 13®. These experiments were 
made upon the same engine and at the same speed as those of fig. 43, 
where it can be seen that a delay of 13® corresponded very closely to the 
maximum rate of pressure-rise. With oil No. 12, and others giving even 
longer delays, there was a reduction of noise and vibration which was 
in keeping with the lower rate of pressure rise for these very long 
delays, noted in connexion with fig. 43. It has been observed that in 
the great majority of engines maximum vibration and rate of pressure- 
rise coincided with the condition when the delay angle was the same as 
the total time of fuel injection; in other words, when the whole of the 
fuel charge was in the eylihder at the instant the delay ended. Those 
fuels which gave short delay times and smooth running were the ones 
composed liurgely of members of the parafihi series, while the long delays 
were always associated with a large percentage of naphthenes and 
aromatios—the ring compounds of art. 16. 
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It has been argued that a high volatility should tend to reduce the 
delay period, because the more readily an oil vaporizes upon first 
entering the cylinder, the more readily will rapid combustion begin. 
That this is not so has been shown by direct experiment. Oils No. (1) 
and (4) of fig. 43, for example, the two best of the group, were of low 
and medium volatility respectively; while a much more volatile oil of 
different chemical composition and higher S.I.T. exhibited a delay of 
more than twice the length. High volatility is therefore no cure for a 
long delay, which is essentially an induction period dependent upon the 
chemical and not upon the physical properties of the oil. But if the oil 
is of a type which gives a long delay, then, according to the theory of 
Dicksee already mentioned, the more volatile it is, the worse will be 
the knock produced. 

It has further been argued that a more viscous oil, giving a larger 
size of drop when sprayed, will tend to give a long delay because the 
large drops will take longer to become heated to the combustion point. 
This, again, appears to rest upon a fallacy. Experiments made upon 
the same oil with different spraying nozzles, one to give a fine and the 
other a coarse spray, showed no difference in the length of the delay 
period, although the fuel from the fine-spray nozzle burned much more 
rapidly during period (2). As a further proof of the unimportance of 
the drop size, an experiment may be quoted in which a heavy lubricating 
oil was compared with the oil (1) of fig. 43. The lubricating oil, which 
did not begin to distil below 360° C., formed drops in air of more than 
four times the size of those of fuel (1), but there was no difference at 
all in the delay observed with the two oils. The exhaust gas from the 
engine, however, was tinged yellow when the lubricating oil was used 
as the fuel, indicating that the large drops were taking so long to burn 
that combustion was incomplete even at the end of the expansion stroke. 
One may conclude, therefore, from this, combined with the short delay, 
that combustion proceeds from the surface of a large drop and that it 
does not wait for the bulk of the drop to be heated throughout to the 
combustion temperature. 

In discussing the influence of engine design upon combustion, and 
upon the delay period, one is faced at the outset by the difficulty of 
dealing with the great variety of designs which exist. The difficulty, 
however, is not so great as it appears to be at first sight because, by 
comparison with the influence of compression temperature and pressure, 
the other possible effects arising from design features are unimportant. 
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Gas turbulence, for example, will vary widely in different forms of 
combustion chamber; but although it has a profound eflEect upon the 
later stages of combustion it is doubtful whether turbulence, as such, 
has any direct effect upon the delay. It may have a large indirect effect, 
however, through its influence on the compression temperature. 

The effect of engine design may, therefore, be discussed in terms of 
the temperature and pressure, or rather density, towards the end of the 
compression stroke. These are the two factors which largely control 
the length of the delay with any given fuel, and features of design are 
valuable or the reverse according to their influence upon them. 

The degree to which density and temperature can be increased by 
increasing the compression ratio is limited by the difficulty of design¬ 
ing a satisfactory shape of combustion space when the compression 
ratio is very high. There is also the danger of excessive maximum 
pressures. It is not found practicable to increase the compression ratio 
beyond about 14-15 to 1 in small, and 12-13 to 1 in large, cylinders. 

Any device, on the other hand, which can increase the air tempera¬ 
ture at the end of compression, without at the same time causing any 
reduction of the air charge per cycle, will afford a pure gain in a 
shortening of the delay period and consequent smoother running. The 
aim of such a method must be to add heat to the air during compres¬ 
sion, after the inlet valve has closed; for any heating earlier than this 
must mean a loss of volumetric efficiency and of the density of the 
cylinder contents. 

Before giving the results of experiments along these lines, it will be 
well to give some quantitative results on the shortening of the delay 
through an increase of air temperature and pressure. 

In fig. 45 are shown the results of some experiments by Stansfield 
upon an engine with a simple open combustion chamber of the type 
shown at fig. 38 (a). The jacket and inlet air temperatures were varied 
from 10® C. to 100® C., so that in this engine the rise of air temperature 
was accompanied by a smaller weight of air per cycle. The fuel quantity, 
however, was adjusted so as to maintain a constant fuel-air ratio. It 
will be seen that the delay with the inferior fuel No. (12) was reduced 
to a much greater degree by the rise of air temperature than it was with 
the good paraffin fuel No. (1). This is in satisfactory agreement with 
the results of ignition*temperature experiments given in fig. 12, for there 
it was shown that at high temperatures there, was much less difference 
between the behaviour of the good and the bad fuels. 
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In fig. 46 are given the results of a series of tests upon a different type 
of engine in which the air during compression is forced through a neck 



Fio. 45. Variation of delay angle with air temperature. 



Fio. 46. Variation of delay angle between a hot and a cold auxiliary 
combustion chamber. 


into an auxiliary combustion chamber, as illustrated at filg. 38 (d). If 
the neck and auxiliary chamber are maintained in an unoooled condi¬ 
tion, it is possible for a large amount of heat to be derived by the air 
from the metal during compressiofi, and to increase tire compression 
temperature as much as 200^ C. by this means. Fig. 46 shows the reduc- 
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tion of tho delay with three different fuels when the compression tem¬ 
perature was raised in this way. It again appears that the inferior 
fuel No. (9) was improved to a much greater degree than No. (1). 
There is, however, no reason to think that by air heating the disparity of 
performance due to the chemical nature of the fuels could be eliminated. 

To investigate the effect of pressure upon the delay Le Mesurier and 
Stansfield arranged an engine with the simple type of combustion 
chamber, fig. 38 (a), so that the inlet air could be tlirottled, and the 
compression pressure reduced, without alteration of the compression 



Fio. 47. Variation of delay angle with compresaion pressure. 


temperature. Fig. 47 gives the results for the same three fuels as before, 
Nos. (1), (7), and (12). The superiority of No. (1) will be noted ip 
respect of the smaller increase of delay as the compression pressure 
was reduced: an increase from 9° to 13° between 450 and 300 lb. per 
sq. inch, as compared with an increase from 10*6° to 21° with fuel (7). 
Fuel (12) would not fire regularly at all when the compression pressure 
was below 370 lb. per sq. inch, but did not show so rapid an increase 
of delay with falling pressure as fiiel (7). 

An important conclusion to be drawn fix»m these experiments is how 
widely fuels of different chemical composition may vary in the way 
they are affected by a fall of pressure; and that their behaviour in 
this respect cannot be foretold with certainty from measurements of 
ignition temperature made at one pressure only. It is a point which 
must be carefully watched in any selection of the most suitable oil for 
use as a fuel in aircraft engines. 

How large an increase of compression temperature can be achieved 
in the auxiliary-chamber type of engine, by the heating of the air during 
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compression, has been well demonstrated in several series of diagrams 
given by Dicksee.*® During tests at speeds between 500 and 2,000 
r.p.m. it was found that the compression pressure increased as shown 
in fig. 48. The estimated compression temperatures are given also, and 
it will be seen that there was a difference of no less than 200° C. between 
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R.P.M, 

Fio. 48. Variation of compression pressure and temperature with r.p.m. 

500 and 2,000 r.p.m. This rise of temperature was due to the combined 
effect of the hotter cylinder head and higher gas turbulence which both 
follow from an increase of engine speed. To achieve so large an amount 
of air heating the neck of the auxiliary chamber must be uncooled, and 
the shape designed to give an organized air turbulence and vigorous 
scouring action. 

The exact degree to which a rise of compression temperature shortens 
l^e delay time will vary from engine to engine. Uniformity of tem¬ 
perature in the combustion space will depend upon the form and vigour 
of the turbulence, and tiie amount of the delay, for a given mean gas 
temperature, will depend upon whether the fuel jet is placed so as to 
tidce fuU advantage of the temperature-rise by being projected through 
the hottest parts of tiie air.. 

In 1 ^. .49 are shown the delay times, expressed as s^nds and as 



V. 40] DIESEL KNOCK AND THE DELAY PERIOD 167 

degrees of crank angle, for the range of speeds given in fig. 48, when the 
combustion chamber of the engine had been modified so as to produce 
the greatest possible increase of compression temperature. It will be 
seen that there was a steady shortening of the delay time, measured 
in seconds, sufficient to keep its value in degrees of crank angle very 



R.P.M. 

Fig. 49. Variation of delay, in seconds, and also in degrees of crank angle, 

with r.p.m. 

nearly constant over the speed range from 500 to 2,000 r.p.m. Before 
modification the same engine gave a similar delay at 2,000 r.p.m., but 
at lower speeds the heating of the air was less effective, so that at 1,000 
r.p.m., instead of the delay occupying the same crank angle it extended 
over an arc of twice the length, and was therefore of four times the 
length measured in seconds. 

The great possibilities and importance of this method of raising the 
air temperature during compression will now be realized; for it provides 
a means of reducing the delay in proportion to an increase of speed, 
and so of maintaining smooth and efficient running up to much higher 
epeeds than would otherwise be possible. Unfortunately the necessary 
design of cylinder head, with its separated combustion chamber, pre¬ 
sents serious difficulties when the very highest power output per 
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cylinder is demanded, owing to the limitations which it imposes in 
regard to the placing of the valves. Such limitations, however, are 
only likely to be serious in aero-engine designs. For all forms of road 
transport the auxiliary combustion chamber, although usually rather 
inferior to the open cylinder head with directed spray in regard to fuel 
economy, has grown steadily in favour by reason of its reliability and 
satisfactory running under widely var 3 dng loads. 



VI 

THERMAL EFFICIENCY 

Art. 41. Fuel consumption per horse-power and thermal 
efficiency 

Any full discussion of thermal efficiency is complicated, so long as 
we have to deal with volatile liquid fuels, by the all-important factor 
of detonation. There are, however, a number of questions which can 
be dealt with on the simplifying assumption that detonation does 
not arise. Later we shall have to examine the limitations which it 
imposes. 

There are two senses in which the term 'thermal efficiency’ is 
constantly used, a loose and a strict one, and it is very important 
to be clear about the difference. Thermal efficiency is frequently 
spoken of in the loose sense as being equivalent to the inverse of the 
'fuel consumption per horse-power’, whereas it may be no such thing. 
The fuel consumption per horse-power of an engine might be increased 
by 50 per cent, without its thermal efficiency, in the strict sense, being 
diminished at all. The following will make the point clear. Thermal 
efficiency, strictly speaking, means the efficiency with which the heat 
actually generated, or capable of being generated, by combustion is 
converted into mechanical work. If an engine is working upon a correct 
or a weak fuel-air mixture, the thermal efficiency, 'indicated ’ or ‘brake’ 
as the case may be, is the fraction 

_ work done per minute _ 

J [effective heat value of fuel supplied per minute] ’ 

but if the fuel-air mixture is a rich one, then the heat supplied per 
minute is still only that amount which can be generated by combina¬ 
tion with all the oxygen present in the cylinder. The surplus fuel is 
not burnt, and the full amount of its potential heat is never developed. 
The thermal efficiency of the engine in the strict sense may be the same 
as when using the correct mixture, but the fuel consumption per horse¬ 
power will be greater, and thermal efficiency in the loose sense corre¬ 
spondingly less, for this will have for its denominator the heat value 
of all the fuel supplied, unbumt as well as burnt. 

It is not proposed, in what follows, to keep to the use of thermal 
efficiency only in the strict sense, but it must not be thought that the 

3887.9 z 
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point is an academic one, or unimportant. When dealing with the 
problem of equal fuel distribution between the cylinders of a multi¬ 
cylinder petrol engine, for example, it is of the highest importance to 
have the difference clearly in mind. In such an engine, if distribution 
were perfectly equal and the mixture correct or slightly weak in every 
cylinder, the thermal eflSiciency as ordinarily calculated would be the 
same as that obtainable from a single' cylinder of the engine tested 
separately. In practice it is seldom possible to obtain so high a thermal 
efficiency on a multi- as on a single-cylinder engine, because of inequality 
of distribution. While one or two cylinders may be working on the best 
fuel-air mixture for high thermal efficiency, the others will be getting 
an excess of fuel some of which they cannot possibly use. During steady 
running there can be no cylinders receiving less fuel than corresponds 
to the most economical mixture strength, for, if so, irregular firing will 
very soon set in. 

If we put up the compression ratio of all the cylinders of an engine 
we shall improve the true thermal efficiency of each one by a certain 
amount, but there may still be a large waste of fuel in certain cylinders 
which is more than the gain we can achieve by putting up the compres¬ 
sion ratio. The difference between the apparent thermal efficiency, 
which corresponds to the inverse of the fuel consumption per horse¬ 
power, and the true thermal efficiency, represents the gain which might 
be effected by simply improving the fuel distribution without altering 
the cylinders in any way. 

Art. 42. Thermal efficiency reckoned from air consumption 

Bicardo has pointed out that it is possible to derive a figure for the 
thermal efficiency of an engine, when working on a rich mixture, from 
the air consumed, for this will correspond roughly to the portion of the 
fuel which gets burnt. Instead of thinking of carbon and hydrogen 
in the fuel as being burnt to CO* and HjO, let us think of the oxygen 
of the air present as being ‘ burnt % by the agency of the fuel, to the same 
COj and H 2 O. Provided the chemical nature of the fuel and the pro¬ 
portion of carbon to hydrogen in it does not greatly alter, we might even 
speak of the 'calorific value’ of a pound or a cubic foot of air, meaning 
the heat generated when a jK>und of air is used up in turning a certain 
quantity of the fuel into CO 2 and H^O. it we assume, for example, that 
the fuel is pure heptane, then we see from equation (30) in art. 23 that 
the heat energy generated during the burning of 3,020 lb. of air is 
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2* 154x10® C.H.U. and the ‘calorific value’ of air is therefore 713 
C.H.U. per lb., or 57*3 C.H.U. per standard cubic foot. 

It must be noted that this calorific value for air only holds good, on 
the assumption that all carbon and hydrogen burnt is burnt to COj 
and H 2 O. As regards the carbon, some of this in a rich mixture will 
be burnt to CO only, and the heat derivable when one cubic foot of 
oxygen is used to produce two cubic feet of CO is only 167 C.H.U., 
instead of 271 C.H.U. if it had produced one cubic foot of CO 2 . The 
figure 57*3 C.H.U. per S.C.P. for air is therefore only an approximate 
one for fuel-rich mixtures, the true value will be variable and rather 
lower; but it is sufficiently accurate to be of practical service, as the 
figures now to be given wilJ indicate. 

Ricardo made a series of experiments in which his single-cylinder 
engine was run at constant speed and full throttle, with a gradually 
increasing supply of j^etrol to the carburetter. These experiments 
showed that over a wide range of fuel-air ratios on the rich side, up 
to 35 per cent, rich, the air consumption of the engine was very nearly 
constant, as is shown by the figures in column 2 of table 23. 

TABLE 23 


Thermal efficiencies calculated from air consumption when operating on a 

rich mixture. 

Compression ratio .5:1. 


Fuehair 

ratio 

lb, of air 
per hour 

Indicated 

horse-power 

lb. of air j 

per I.H.P, hour 

Indicated thermal 
efficiency from air 
consumption 

Correct j 

1 

196 

320 

6-13 1 

per cent. 

32-4 

20% rich ! 

! 198 

33-4 

6-94 1 

33-4 

35% rich ! 

200 j 

331 

604 { 

32-8 


Maximum thermal efficiency reckoned upon fuel consumption was 32-1 per cent., with 
a fuel-air ratio 16 per cent. weak. 


The horse-power figures in column 3 exhibit the well-known fact 
that the power of an engine at full throttle increases slightly as the 
mixture is made richer, up to a fiiel-air ratio 20 per cent, rich, and 
then begins to fall off again. It must not be taken for granted that 
the constancy of air consumption shown in column 2 must necessarily 
be associated with the nearly constant power of column 3; in fact the 
relationship is quite a chance one. As we shall see later, in a gas engine 
it does not hold. The rough constancy of air consumption in a petrol 
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engine (in the table actually a slow increase) is due to a fortunate balance 
between an increase of the whole weight of mixture drawn in, on the 
one hand, because of the increased cooling by evaporation of a greater 
weight of fuel, and on the other hand a reduction of the air part of the 
mixture because a greater volume is displaced by fuel vapour. 

The rough constancy of power in column 3 is actually an increase 
followed by a decrease, instead of a steady increase like the air, and 
it is due to a balance between a slightly falling calorific value per cubic 
foot of air, as explained above, and a true thermal efficiency which at 
first rises and then falls. This is the really important factor, and it will 
be dealt with more fully in a later article. For the present it will be 
sufficient to say that the reason for the quite substantial rise of true 
thermal efficiency for mixtures 10-15 per cent, rich is because of the 
reduction in the proportion of COg in the products of combustion, and 
the substitution for it of the diatomic CO, which has a much lower 
volumetric heat, and one rising less with temperature. At the still 
richer mixtures the average volumetric heat of the cylinder contents 
rises again on account of the presence of unbumt fuel vapour of which 
the volumetric heat is even higher than that of COg. With this final 
rise of volumetric heat both efficiency and power output decline steadily 
as the proportion of fuel becomes excessive. 

To calculate the thermal efficiencies reckoned upon air consump¬ 
tion we have only to remember that the approximate calorific value 
of air with heptane (and with similar hydrocarbon fuels) is 713 C.H.U. 
per lb., so that 

thermal efficiency = -f- (air per I.H.P. hour). 

^ 713X1,400 ' ^ ' 

In this way column 5 of table 23 is obtained direct from column 4. 

Ricardo has suggested that this figure for thermal efficiency calculated 
from the air consumption affords a valuable guide to what we may 
call the 'combustion-chamber efficiency", or the ‘intrinsic efficiency", of 
a multi-cylinder engine. As will be clear from the example to be given 
presently, this efficiency calculated from the air consumption gives a 
close approximation to what the best obtainable thermal efficiency 
of a multi-cylinder engine would be, if all the fuel were equally distri¬ 
buted between the cylinders. In other words it gives an indication of 
the intrinsic effidency of the cylinders themselves, unconfused by 
differences of mixture strength from one cylinder to another. 

The method is p^icularly convenient to apply in practice, provided 
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means are available for measuring air consumption. We have seen 
that with both gas and liquid fuels maximum power is obtained with 
a fuebair ratio about 20 per cent, rich. Adjustment for maximum 
power is an easy one to make, since the fuel-air ratio need not be 
accurately regulated and the power is observed directly on the brake. 
Having got the engine running steadily at its maximum power, we then 
have to make only one observation of the horse-power and the rate of 
air consumption. To get a reliable figure for thermal efficiency deter¬ 
mined from the fuel consumption, on the other hand, we have to take 
a series of readings of power output at gradually weaker fuel-air ratios 
and plot a ^consumption loop’ (see Chap. VII). 

As an example of the utility of this method of calculating thermal 
efficiency from air consumption for bringing out the wastage of fuel 
in a multi-cylinder engine through unequal distribution of the fuel 
between the cylinders, we may quote a further test made by Ricardo 
upon a six-cylinder aero engine with a compression ratio of 4*7:1. This 
engine showed a constant air consumption of 6*4 lb. of air per I.H.P. 
hour over a range of fuel-air ratios from 10 per cent, to 25 per cent. rich. 
The efficiency reckoned upon air consumption therefore works out 
as 31 per cent. The highest figure for the efficiency which could be 
obtained by measurement of the fuel consumption was only 28-2 
per cent. This was at the most economical average fuel-air ratio, which 
means that if the fuel supply was cut down any lower, some cylinders 
were then receiving so weak a mixture that the power from them began 
to fall off rapidly and so increased the average fuel consumption per 
horse-power for the whole engine. 

The difference between the two observed efficiencies on the multi- 
cylinder engine, 31 per cent, from the air and 28*2 per cent, from the 
fuel, was due to wastage of fuel through inequality of distribution. We 
may say that, while the intrinsic efficiency of the cylinders was 31 per 
cent., the best obtainable efficiency for the whole engine, owing to 
defects of the induction system, was only 28-2 per cent. This difference 
in efficiency corresponds to a difference in fuel consumption per I.H.P. 
hour of from 0*42 lb. to 0*46 lb. 

In a single-cylinder engine, where there is no distribution loss, the 
thermal efficiency from air consumption must be identical with that 
from fuel consumption at the correct mixture, for the calorific value 
of air was derived from that of the fuel by taking the heat produced 
when air and fuel are burnt together in that proportion. It follows that 
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31 per cent, and 0*42 lb. per I.H.P. hour would have been the figures 
obtained in an accurate experiment with the multi-cylinder engine 
at the correct mixture, if distribution had been perfect, and still better 
figures would have been possible at the most economical mixture 
strength, about 15 per cent. weak. Actually the best which could be 
obtained was 0*46 lb. per I.H.P. hour, so that imperfect fuel distribu¬ 
tion was responsible for at least 0*04 lb., or 10 per cent, of the total fuel 
consumption. This 10 per cent, was wasted because it formed part of 
an excessively rich mixture in certain cylinders, while other cylinders 
were working upon a fuel-air ratio near the limit of weakness. The excess 
of fuel in the rich cylinders could not all be used efficiently, and merely 
served to increase the average fuel consumption per horse-power for the 
whole engine. 

Art. 43. Thermal efficiency and mixture strength 

We have seen in art. 36 how combustion in the cylinder is influenced 
by fuel-air ratio, and we shall now extend our study to the effect of this 
variable upon thermal efficiency. 

In fig. 33 was shown the variation of I.M.E.P., and therefore I.H.P., 
of a gas and a petrol engine, running at 1,400 and 1,500 r.p.m. re¬ 
spectively, when the fuel-air ratio was varied from the weakest possible 
to one 40 per cent. rich. In fig. 50 there has been added to the same 
diagram a curve CD which shows how the thermal efficiency on coal 
gas varied during the same tests.f The placing of this curve of thermal 
efficiency, CD, as well as the curve AB, in relation to the correct 
mixture point on the diagram, has been made on the assumption of a 
correct mixture ratio of gas to air of 1:4*5 as in the original paper.^® 
It seemed preferable, in order to avoid confusion, to give Burstall’s 
results without modification, but, as already mentioned in the footnote 
on p. 130, the correct mixture in these experiments was probably 1: 4*1 
rather than 1: 4*5. This corrected value accords with the calorific value 
of the gas, which was accurately known. The ratio 1: 4*5 was derived 
from the analysis of the gas, in which accuracy is difficult as regards 
the very small but very important proportion of hydrocarbon vapours. 
A gets with a calorific value of 258 C.H.U. per cubic foot mvM require 
just about 4*1 cubic feet of air for complete combustion, because within 
fairly wide limits of fuel composition the combustion of one cubic foot 
of air always produces the same number of C.H.U. 

t It will be noticed that thermal eSicienoy is here used in the loose sense 
ri|^t-hand eind of the curve is oonoerned, where the mixture is rich. 


so far as the 
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Diagrams in which the heat generated per cubic foot of combustible 
mixture is taken as the abscissa, such as fig. 51, are unaffected except 
as to where the correct mixture line is drawn. In fig. 51 it has been 



Fig. 50. Indicated mean effective pressures and thermal efficiencies at different fuel- 
air ratios. Compression ratio 5:1. Speed: coal gas, 1,400 r.p.m.; petrol, 1,500 r.p.m. 

drawn at a heat content of 70,600 ft,-lb. per S.C.F., which corresponds 
to a mixture of 1 cubic foot of coal gas and 4'13 cubic feet of air. 

From 61 it is seen that the thermal efficiency on coal gas at the 
correct mixture is about 31*6 per cent. Hence in fig. 60 the coal-gas 
thermal efficiency curve should be moved to the left, and it will then 
be found that at the correct mixture the thermal efficiency on coal gas 
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is only slightly higher than that on petrol. This is as it should be, 
for although the heats developed per S.C.F. of combustible mixture are 
66*2 and 50-0 C.H.U. respectively for heptane and coal gas, the heats 
developed per S.C.F. of the products of combustion are 53*2 and 63*4 
C.H.U. The maximum temperatures will therefore be almost the same. 

As to the shape of the coal-gas thermal efficiency curve in fig. 50, it 
will be observed that there is a steady fall of efficiency from the left 
hand of the diagram as the mixture becomes richer, the change being 
due at first to higher temperatures and consequently higher volumetric 
heat of the working substance. Heat loss to the cylinder walls becomes 
higher also as the average cycle temperature rises. To the right of the 
100 per cent, line the mixture is rich, there is not any longer enough 
oxygen to bum all the fuel, and although the efficiency with which all 
the heat generated by combustion is turned into work may remain 
approximately constant, the thermal efficiency as ordinarily reckoned, 
on the basis of the fuel supplied, continues to fall as the surplus fuel 
increases. 

It may be observed here that if the fuel had been petrol the efficiency 
curve would have shown a maximum point at about 15 per cent, weak, 
its left-hand half having taken the shape shown by the curve (7'D'. 
If the mixture in a petrol engine is weakened further than this, the 
loss of power through slow, and very soon through irregular and incom¬ 
plete, combustion, more than balances any further gain through a 
lowering of the cycle temperatures. We shall see in art. 45 that it is 
possible, by working with a stratified charge, to maintain a rising 
efficiency curve with lower fuel-air ratios on petrol, but so long as the 
mixture in the cylinder is more or less homogeneous, nothing like the 
steady rise of efficiency on the weak side which is shown for coal gas 
by the curve CD can be maintained with volatile liquid fuels. This 
difference of behaviour between the two types of fuel is probably due 
in part to the presence in the coal gas of a large proportion of free 
hydrogen. This has an extremely high rate of combustion with air and 
is able, even in very weak mixtures, to bring about complete and fairly 
rapid combustion. The hydrogen portion, in fact, may be regarded as 
acting like an igniter throughout the rest of the fuel-air mixture. 

This, however, is not the whole of the story, for Burstall** has shown 
that it is possible to get a steadily rising efficiency curve when running 
an engine upon weak mixtutes of pure carbon monoxide (Bmd air down 
to 40 per cent, weak; and^ moreover, to keep the maximum pressure 
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in the standard position, 12° after the dead centre, provided sufficient 
ignition advance is given. As much as 90° advance was necessary with 
the 40 per cent, weak CO mixture at 5:1 compression ratio, as com¬ 
pared with 50° for coal gas under comparable conditions. Free hydrogen 
is therefore not an essential in the burning of weak mixtures efficiently, 
but the difference of ignition timing required for pure carbon monoxide 
and for coal gas reflects the speeding up effect which the hydrogen 
produces. 

Although the best thermal efficiency which he obtained with CO 
was only about 30 per cent, at 5:1 compression, as compared with 
36 per cent, with coal gas, nevertheless BurstalFs experiments proved 
the possibility of getting complete and regular combustion with CO 
down to weak mixtures, which would be quite impossible with a volatile 
liquid fuel. This difference one must attribute to the greater simplicity 
and number, and hence the better distribution, of the CO molecules 
in the cylinder as compared with those of an evaporated hydrocarbon 
fuel; and perhaps also to the fact that the early stages of oxidation of 
the more complex petrol molecule is in the nature of a chain reaction 
(see art. 31). If this be so, one can the more easily understand the failure 
of combustion to proceed when the fuel molecules become sparsely 
distributed, as in a weak petrol-air mixture. 

In fig. 51 the efficiency has been shown in relation to the heat 
available per cubic foot of combustible mixture. In the correct mixture 
of coal gas and air (taking as before the average coal-gas composition 
given in art. 15) the heat developed by complete combustion at 100° C. 
and constant volume was 50*0 C.H.U., or 70,000 ft. lb. per S.C.F. of 
combustible mixture. In other degrees of richness or the reverse the 
full heating value of the fuel present will be in proportion to the 
richness, and we may express the mixture strength, therefore, in terms 
of the heat energy available in the fuel per cubic foot of mixture, 
although it does not, of course, follow that all this heat will be developed 
by combustion if the amount is greater than 50*0 C.H.U. per cubic foot. 
In fig. 51 the abscissae extend from 0 to 95,000 ft.-lb. per S.C.F. and 
represent mixtures of coal gas and air varying from that containing no 
fuel at all at the left-hand side, to a mixture 35 per cent, rich on the 
right. The vertical line at'70x10^ corresponds also to the correct 
mixture. A diagram of this kind was first used by Hopkinson,® who 
pointed out that in the limit, if it were possible to burn such weak 
mixtuifes, then, when the heat available had been reduced to zero an 

38S7,« A a 
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engine should approach the ideal air-cycle efficiency, for then there 
would be no rise of temperature on combustion and no appreciable 
rise of volumetric heat. 

The lowest line on fig. 51 shows the experimental results obtained 
by Burstall at a compression ratio 5:1 and 1,400 r.p.m. The horizontal 
straight line BB is drawn at a thermal efficiency of 47*1 per cent. 



Fig. 61. Efficiencies with different heat contents per cubic foot of mixture entering 
cylinder. Fuel, coal gas. Speed 1,400 r.p.m. Compression ratio 5:1. 

which is the air-cycle efficiency for this ratio (table 1). The line BC 
represents what may be termed the ‘theoretical limit of efficiency’. Its 
derivation will be more fully explained in the next article. It is the 
highest efficiency which any engine could possibly attain, having regard 
to the real properties of the working substance, if all heat losses were 
suppressed and combustion were complete so far as temperature and 
pressure conditions permit., For an expansion ratio of 6:1 this theo¬ 
retical limit of efficiency has been calculated for four different mixture 
strengths of a benzene-air mixture,f namely, for the correct mixture, 
and for mixtures 20 per cent., 50 per cent., and 76 per cent. weak. For 

t The limit curve in fig. 51 has been drawn the same as in fig. 54 and it has therefore 
been assumed that the theoretical limit of efficiency will be the same at the same heating 
value per cubic foot of combustible mixture, whatever the fuel. Although only an 
approxi^tion, this assumption can be justified on the grounds of simplicity where, 
as here, the purpose of the diagram is merely to illustrate a principle. To obtain the 
true theoretical limit curve for coal gas corresponding to Burstairs observations, allow- 
anoe would have to be made for dilution of the charge with exhaust gas in calculatiiig 
the heat content per S.C.F. of mixture in the cylinder. 
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these mixtures the values found for the calculated efficiency were 34-0 
per cent., 35-7 per cent., 38-5 per cent., and 41*6 per cent. The four 
values are shown on the diagram and the theoretical limit line for all 
mixture strengths has been drawn through them. At zero fuel it inter- 
sects the air-cycle efficiency line BB, 

Everywhere to the right of the correct-mixture line the mixture is 
rich. There is a waste of fuel, and the experimental curve falls away 
from the theoretical limit. To the left, or weak, side of the line the 
experimental curve shows an efficiency rising at first more rapidly than 
the theoretical limit curve, but below 50,000 ft.-lb. per S.C.F. there is 
a gradual falling off due to slow combustion at the very weak mixtures. 
In all these experiments the ignition was adjusted to give the standard 
condition of maximum pressure at 12® after the dead centre (see art. 
35). To do this with the weakest mixtures required a spark timing 
actually 74® before the dead centre, and under these conditions the 
loss of heat during compression begins seriously to affect the thermal 
efficiency. 

The experimental results here given were all obtained with coal 
gas as fuel. In art. 45 results will be given for petrol,' on the same 
type of diagram, when discussing the possibilities of working with 
very weak petrol-air mixtures by means of a stratified charge. 

Art. 44. The limits of possible efficiency 

We saw in art. 9 how it was possible to derive an ideal air-cycle 
efficiency, and fig. 4 showed how this ideal air standard of efficiency 
varied with increasing expansion ratio. Now there are different ways 
in which a standard engine of comparison may be looked upon, when 
regarded as the ideal with which real and imperfect engines may be 
compared. The ideal air cycle of art. 9, which postulated a perfect 
gas as working substance, must, in the nature of things, ever remain 
far removed from practical possibilities. As an alternative to this 
ideal air cycle we might adopt as a standard, with which to compare 
the performance of real engines, one which takes account of the funda¬ 
mental properties of the real working substance, and ordy defines and 
simplifies the working conditions by assuming, for example, that 
heating of the working substance is instantaneous, and that there is 
no loss or gain of heat through the cylinder walls. This latter standard 
then becomes an approachable though not, so far as can be seen, an 
attainable ideal. 
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In addition to the ideal air standard, it is convenient to have a 
standard cycle which can act as a guide to designers in the sense that 
it shows what is to be expected as the result of a modification in 
design, such as raising the compression ratio, after taking into account 
the fundamental physico-chemical conditions in the cylinder but at the 
same time legitimately simplifying the processes in the engine, by the 
neglect of practical imperfections, so as to allow results to be calculated 
with reasonable ease and to make the conditions of calculation inde¬ 
pendent of any particular engine. 

In accordance with these principles Tizard and the present writer,^ 
adopting the most accurate data upon calorific values and volumetric 
heats available at the time (1920), and working upon the known 
behaviour of COg and H 2 O in regard to dissociation at high tempera¬ 
tures, evaluated the explosion temperatures, and temperatures at the 
end of expansion, for certain typical fuel-air mixtures at expansion 
ratios of 5:1 and 10:1. 

As already mentioned, a re-calculation of much of this %vork has 
recently been made using values of volumetric heats and equilibrium 
constants obtained from spectroscopic data by various investigators, 
and also taking into account the formation of nitric oxide. On this 
basis it has been found that for an expansion ratio of 5:1, as compared 
with the ideal air-cycle efficiency of 47-1 per cent., the theoretical limit 
of efficiency for the benzene-air mixture giving just complete combus¬ 
tion (see art. 23) is 34*05 per cent, when the real properties of the work¬ 
ing substance are taken into account but no loss of heat permitted to 
the cylinder walls and piston. 

At 10:1 expansion ratio, for the same mixture, the calculated effi¬ 
ciency is 44*38 per cent. 

The derivation of these figures involves iirst the calculation of the 
explosion temperatures by the methods of art. 24; next the final 
temperatures after expansion by the method of art. 12, but allowing 
for the attainment of chemical equilibrium by combustion as the 
expansion proceeds (see art. 24, ]>. 73); and finally the net work done 
per cycle, as the difference between the total energy—heat plus chemical 
—of the working substance befpre and after expansion, less the work of 
compression. The denominator of the thermal efficiency fraction is 
obtained by deducting, from the heat of combustion of the fuel content 
of the original mixture, the chemical energy of the combustible pro¬ 
ducts in the gases at the end of expansion. 
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The efficiency for the correct benzene-air mixture was worked out 
in art. 12, neglecting dissociation, and was there shown to be 35*2 
per cent., as compared with the more correct figure of 34-05 per cent. 
The latter figure would have been reduced to 33*0 per cent, if the 
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Fia. 52. Variation of thermal efficiencies, theoretical and observed, with 
expansion ratio. 

chemical energy of the gases at the end of expansion had been dis> 
regarded. 

In fig. 52 the ideal air-cycle efficiencies are shown plotted against 
expansion ratio in the curve AB, The calculated efficiencies for the 
benzene-airf mixture at 6:1 and 10:1 are shown at the points X and W, 
It will be found that the curve CD which is represented by the equation 



t Benzene (CcHf) was chosen as the tj^ieal hydrocarbon fuel for making the calcula* 
tions for several reasons: it is comparatively easy to obtain in a state of high purity and 
could therefore be used in accurate engine trials for checking the calculations. And 
moreover the physical data upon calorific value etc. are known with great accuracy. As 
stated in att. 17, benzene forms about SO per c-ent. of the commercial product benzol. 






THERMAL EFFICIENCY 


182 


[VI, 44 


goes through the point X and nearly through the point and lies 
roughly parallel to the curve 


V = 


i_/ir 

\r 


for the ideal air cycle, which is shown at AB, 

Proceeding exactly as was done for the correct benzene^air mixture, 
it is possible to calculate the theoretical efficiency for weak mixtures. 
This has been done for mixtures 20, 50, and 75 per cent, weak at an 
expansion ratio of 5: 1 . The results of these calculations are shown-at 
points Y, Z, and N at 35*71, 38*56, and 41*61 per cent., and the curves 
EF, GHy and MP are curves drawn through these points by means of 
equations of similar form to those for ideal air and for the correct 
mixture. 

All these calculated efficiencies are for the benzene-air mixture as it 
enters the cylinder, undiluted with residual exhaust gas. In other words 
the cylinder befoi'e compression has been assumed to contain only 
combustible mixture. The methods of Chapter III might, of course, be 
applied equally well with allowance made for the proportion of residual 
gas proper to any particular conditions. 

In fig. 52 the curve KL shows the highest thermal efficiencies actually 
observed at compression ratios varying from 4:1 to 7:1. These would 
all be obtained with fuel-air ratios about 15 per cent. weak. They should’ 
therefore be compared with curve EF rather than curve CD, The 
relative efficiencies obtained by such a comparison must not, however, 
be assumed to be the maximum relative efficiencies for, as will be seen 
from the petrol curve in fig. 50, the highest relative efficiencies are 
likely to be associated with somewhat richer fuel-air mixtures. On the 
other hand, it must be remembered that the engine mixture is diluted 
with exhaust gases and hence its mixture strength is considerably less 
than that given by the fuel-air ratio. This effect will tend to be greater 
at lower compression ratios and smaller at higher compression ratios, 
and therefore the curve KL not only refers to engine mixtures which 
are considerably weaker than the measured fuel-air ratio but to engine 
mixtures which vary with the compression ratio. 

A comparison of the curves KL and EF should, however, be useful 
in giving some indication of the direct heat losses by radiation and 
conduction to the cylinder walls and any losses due to imperfect 
combustion, the sum of these losses being represented by the vertical 
distance between the two curves. An analysis of these losses, and an 
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examination of the possibility of reducing them further, will be found 
in Chapter VII. 

The curve OH may be taken as a criterion of efficiency in the case 
of a gas engine working with the weakest possible fuel-air ratio and 
with fully advanced ignition. 

It is perhaps worth while adding a few words about the construction 
of fig. 52, which will repay careful study. 

Any curve represented by an equation of the form 



will lie generally parallel to the curves in the figure. One point on 
the diagram, therefore, through which sucli a curve is to be drawn, 
‘fixes the value of the index n. Besides the ideal air-cycle efficiencies, 
AB, and the curve KL, which is merely a fair curve drawn through 
a series of experimental observations; there are four curves based on 
theoretical calculations of thermal efficiency when account is taken 
of the properties and behaviour of the real working substance. These 
four curves correspond to conditions when the fuel-air mixture is (1) 
correct, (2) 20 per cent, weak, (3) 50 per cent, weak, (4) 75 per cent, 
weak. A calculation of efficiency at any one expansion ratio for each 
of these conditions would be sufficient to locate the curve on the 
diagram for that fuel-air ratio, but if only four points like X, F, Z, 
and N had been calculated, it would have remained a pure assumption 
that when the real working substance was used for calculations in this 
way, the calculated values for thermal efficiency at other expansion 
ratios than 5:1 would fall on a curve similar to the air-cycle curve AB\ 
and one, therefore, represented by 



Besides the four points X, T, Z, and N, therefore, we have calculated 
the fifth point W for an expansion ratio of 10:1, and the fact that a 
curve for which the index n is settled as being 0*2586 by the point X 
does almost go thr> ugh the point W, justifies us in drawing the other 
curves by means of a similar formula. 

Art. 45. Thermal efficiency at reduced loads. Stratified charge 
operation 

Reduction of power output in a high-speed gas or petrol engine is 
normally made by throttling the indrawn mixture, for the possibilities 
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of quality governing typical of the Diesel engine are, for the carburetter 
engine, very limited. There is also the ‘hit-and-miss’ method com¬ 
monly employed on small, slow-speed gas engines, and it will be 
convenient to deal shortly with this before proceeding to the main 
concern of this article. Quality governing, as exemplified in the Diesel 
engine, is dealt with in art. 52. 

With a hit-and-miss governor the gas inlet valve is left closed for 
one or more cycles whenever the speed rises above a certain maximum, 
the air inlet working normally all the time. In this way one or more 
completely idle, or scavenging, strokes are interposed at intervals in 
place of working strokes. The result is a large fluctuation of speed 
which has to be minimized by carrying a heavy fly-wheel but which, 
even so, puts the method out of court for many purposes. 

From the point of view of efficiency the method is to be commended, 
for such an engine will, under reduced load, show a higher indicated 
thermal efficiency than its normal full load value. The reason is that 
on each cycle following a missed, or scavenging, cycle, there is no 
exhaust gas present to heat the incoming charge of gas and air, which is 
diluted instead with cool air. This has an appreciable effect, through* 
a lowering of temperature of the cylinder contents, in improving both 
power and efficiency during the ensuing cycle. 

One effect, of course, of employing the ordinary type of quantity 
governing, or in common parlance ‘ throttling ’, with a carburetter engine 
is that pressures (but not temperatures) are reduced throughout the cycle. 
Of much more importance, however, is the effect upon combustion of 
the increased proportion of exhaust gas present during compression. 

When considering the effect of a rise of compression ratio on rate 
of burning (art. 37) it was emphasized that the presence of exhaust 
gas slows down the rate of combustion. Under throttled conditions the 
proportion of exhaust gas which mingles with the fresh charge may 
easily be doubled, and unless ignition advance is increased to counter¬ 
act the effect of this dilution, indicated thermal efficiency will suffer 
severely. Brake thermal efficiency must always suffer, through the 
fall of mechanical efficiency under reduced loads. 

The effect of increased dilution and slow burning is very clearly 
brought out by the two curves shown in fig. 53. These illustrate the 
results of experiments on a single-cylinder engine ranning at constant 
speed (l^SOO r.p.m.) in which the load was varied by throttling. The 
engine was .driving an electro-dynamometer which called for a varying 
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torque according to the throttle position. Curve (a) shows the effect 
of throttling upon efficiency when the ignition timing was maintained 
the same as that for optimum performance at full throttle. The 
throttle was closed step by step until the power, and therefore the 
torque, was only 40 per cent, of its full load value, and during the 
change the efficiency fell away from 31*6 to 26 per cent., a drop of 18 



Fio. 53. Thermal efficiency under throttled conditions. Speed 1,500 r.p.m. Com¬ 
pression ratio 5:1. (a) Ignition fixed as for maximum power at full throttle, and 
(6) ignition adjusted for maximum power at each throttle setting. 


per cent. If, on the other hand, the ignition was advanced step by 
step as the throttle was closed, so as to give maximum efficiency at 
each load, curve (6) was obtained, and it will be seen that during the 
first steps of throttling the efficiency actually rose until at 70 per cent, 
of full load it was 32 per cent. At 40 per cent, torque it had returned 
to its full load value. 

It should be noted that great care must be taken in an experiment 
of this kind, when indicated power is to be deduced, in order to make 
certain that the correct allowance is made for the pumping losses under 
the changing conditions, for they will be different at every throttle 
setting (see art. 62). 

Some further results, obtained on a four-cylinder engine, both on 
full throttle and also with the load reduced by throttling, are given in 
art. 66 and iUustrated in fig. 76. These results again show the need for 
an increased ignition advance when running under throttled conditions, 
if the best power and efficiency are to be maintained. 

W7.» B b 
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Combustion under throttled conditions could be speeded up by 
employing a richer mixture, as indeed is commonly done, but this 
again involves a drop of efficiency; so that the only way of avoiding 
the fall of efficiency ^hen a homogeneous mixture is throttled is the 
provision of adequate ignition advance. Even then, the proper adjust¬ 
ment for each throttle position is a difficult matter in practice, when 
speeds are not constant; and accordingly it may be said that except in 
circumstances where it is possible to make very special arrangements, 
there will always be a loss of indicated, and still more of brake, thermal 
efficiency at less than full power, when the power is controlled by 
throttling. This is a serious matter when the engine is for duty such 
as that in a motor-car, where the greater part of its working life is 
run under throttled conditions, and it is of interest to examine the 
possibilities of the alternative method of power control by reducing 
the fuel charge, that is to say, by quality control. 

Fig. 50 of art. 43 illustrates the point which has already been made, 
that with coal gas as fuel it is possible to maintain a rising efficiency 
down to 50 per cent, weak, and efficient power control of a gas engine 
down to about 60 per cent, of the full load torque is therefore possible, 
provided the ignition timing is suitably advanced for the weak mixtures. 
With petrol, on the other hand, the efficiency curve in fig. 50 reaches 
a maximum at 10-15 per cent, weak, and with normal working, in which 
the fuel-air mixture is homogeneous throughout the cylinder, it is 
impossible to make an engine work at all if the mixture is much 
weaker than this. If we can succeed in making the fuel-air mixture 
remain non-homogeneous, however, right up to the end of compres¬ 
sion, so that a fairly rich mixture is collected at those parts in the 
neighbourhood of the sparking-plugs, leaving pure air at points 
further removed, then it is possible to maintain rapid and efficient 
combustion with the fuel charge reduced to a point at which the 
average fuel-air ratio for the whole charge would be far below the 
combustion limit, if the fuel were evenly dispersed throughout the 
cylinder. 

Some slight enriching of the mixture near the sparking-plug with a 
view to throttled running is achieved in very many designs by placing 
the plug and inlet valve in a pocket to one side of the main cylinder 
bore, but the result as regards stratification is very slight and is by no 
means sufficient to achieve the real aim of stratification, which is to 
produce a rise of efficiency at low loads in a manner equivalent to the 
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Diesel engine, instead of the fall which is almost inevitable when a 
homogeneous mixture is throttled. 

Fig. 54 is the same as fig. 51 of art. 43 so far as the lines BB and 
BG are concerned, but instead of the gas-engine results those from 
Ricardo’s experiments on a petrol engine working with a stratified 



Fig. 54, Thermal efficiencies obtainable at weak petrol-air mixtures with * stratified 

charge ’ operation. 


charge have been shown. The curve BC, as in fig. 51, relates to air- 
benzene mixtures. 

It will be seen that whereas with a homogeneous charge the limit of 
working on the weak side was as shown at E, and the greatest efficiency 
then obtained was 31*5 per cent., with the stratified charge it was 
possible to work down to an average mixture strength of 16,000 ft.-lb. 
per S.C.F., and that the maximum efficiency (at 18,000 ft.-lb. per S.C.P.) 
had risen to 37 per cent. The curve of experimental points rises steadily 
as the mixture is weakened, with the exception of a curious kink at a 
mixture with 28,000 ft.-lb. per S.C.F. This was due to some idiosyn¬ 
crasy of the engine and its induction system which caused a reducfion 
of volumetric efficiency at this point; and the consequently reduced 
power is reflected in a reduced efficiency. 

Stratification is a difficult, and indeed an almost impossible, thing 
to effect with a poppet-valve engine which only has valves in the 
cylinder head. It becomes easy, on the other hand, if the cylinder 
has either a sleeve valve, or inlet ports in the cylinder wall which are 
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iincovered by the pistoix at the end of its stroke. In either case the 
ports are directed slightly tangentially so as to give an organized swirl 
to the cylinder charge which is sufficiently vigorous to be maintained 
throughout the compression stroke. This swirl about the cylinder axis 
prevents any general turbulence being set up, and the air remains in 
well-defined layers along the cylinder axis, which intermingle but little. 
If arrangements are made for a rich fuel-air mixture to be admitted 
at one stage of the induction process, followed by pure air, the result 
is a layer of highly combustible gas close to the cylinder head, shading 
off rapidly to pure air in contact with the piston. General turbulence 
is set up at once by combustion, which is quite sufficient, if the mixture 
is locally over-rich, to effect the necessary mixing with any further air 
that may be required. 

Art. 46. Efficiencies obtained with pure hydrogen as fuel 

We have seen that with coal gas as fuel there is no difficulty about 
employing quality governing down to about 60 per cent, of the full 
torque, which corresponds to about 50 per cent, of the fuel charge for 
maximupi power (see art. 36). The ability of coal gas to burn fairly 
rapidly at weak mixtures is derived largely from the 40-50 per cent, 
of hydrogen which it contains, for this has a rate of Same propagation 
even in weak mixtures many times greater than that of carbon monoxide 
and the hydrocarbon vapours. 

The behaviour of hydrogen is so unique, and brings out so well 
the influence of mixture strength and of the average gas tempera¬ 
tures during a cycle upon thermal efficiency, that it is worth while 
giving some resulfs of experiments with it. In these experiments it was 
found possible to control the power of the variable-compression engine 
entirely by quality governing, that is, by regulation of the hydrogen 
supply, the air throttle remaining full open, from no load up to the 
richest fuel-air mixture admissible. The same faculty of rapid flame 
propagation, however, which makes burning possible on the weak side, 
makes it impossible to work at the rich end of the scale of fuel-air ratios . 
even up as far as the correct mixture. Whenever running was attempted 
with a hydrogen-air ratio more than about 95 per cent, of that giving 
complete combustion, violent pre-ignitions set in, accompanied by firing 
back through the carburetter. 

This happened even with the com{nession ratio lowered to 3*8:1, 
while at higher ratios smooth running was limited to even weaker 
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mixtures. Fig. 55 shows the efficiencies obtained by Burstall at 7:1 
compression and 1,000 r.p.m. with a series of different hydrogen-air 
mixtures, the mixture strength being expressed in terms of the hydrogen 
content relative to that of the correct mixture. This method of express¬ 
ing mixture strength fails to show at a glance the hydrogen content 
relative to the quantity of hydrogen which cmM be completely burnt 



Fig. 65. Thermal efliciencies obtained with hydrogen. Speed 1,000 r.p.m. 

Compression ratio 7:1. 

by the oxygen content. Burstall found that, at a compression ratio 
of 7:1, it was impossible to use a mixture with more hydrogen than 
80 per cent, of that for complete combustion, for the reasons given 
above. It will be seen that the highest efficiency was obtained when 
there was about 41 per cent, of the hydrogen of the correct mixture, 
and that its value was then 38*3 per cent. Ricardo, working at 1,500 
r.p.m. and with a rather weaker mixture siaU, also at a compression 
ratio of 7:1, obtained the excellent efficiency of 43 per cent., as com¬ 
pared with Ibe beet obtainable with a liquid fuel, at that ratio, of 
37 per cent. This exceptional efficiency with hydrogen is due to the 
possibility of burning vary weak mixtures, in which tire actual amount 
of heat generated per cubic foot is small; and also to the fact that tiiere 
is no CO, formed by the combustitm. The only triatomic gas preemit 
m HjiO, and refenmoe to table 10 on p. 87 shows that the volumetric 
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heat of this gas is considerably lower than that of COg. And tempera¬ 
tures in these experiments, as pointed out above, were not high. The 
low heat production, low maximum temperature, and comparatively 
small increase of mean volumetric heat during the cycle, mean that 
the engine can more nearly approach the ‘air-cycle’ conditions in 
which there is assumed to be no increase of volumetric heat with 
temperature, combined with instantaneous heating of the air. The 
highest efficiency was obtained with a fuel-air mixture developing 
about 24 C.H.U. per cubic foot, as compared with about 47 or 48 
C.H.U. which would be developed in the weakest petrol-air mixture 
to give efficient combustion. With the low heating value of the hydro¬ 
gen-air mixture goes, of course, a low power output. The indicated 
M.E.P. at the maximum efficiency was about 77 lb. per sq. inch, as 
compared with a maximum obtainable M.E.P. of just about twice this 
for a non-detonating liquid fuel at the same compression ratio. The 
requisite ignition advance to bring the peak pressure, when burning 
hydrogen, to a point 12° after the dead centre, even at the weakest 
mixture in Burstall’s experiments, was only 23°, and it varied steadily 
down to no more than 2° at the mixture 15 per cent. weak. This was 
for 7:1 compression. At 5:1 about 40° was required for the mixture 
50 per cent, weak, and reference to fig. 31 will show that as compared 
with this, coal gas under the same conditions required about 70®. 

Art. 47. Generalized efficiency referred to fuel or air. Gas 
engine 

It was explained in art. 42 that as a matter of practical expediency 
it is sometimes advantageous to measure the thermal efficiency of an 
engine in terms of the air consumed, and that we might take the figure 
of 713 C.H.U. per standard cubic foot as an approximate calorific 
value for air. It was emphasized that with rich fuel-air mixtures the 
heat generated per Cubic foot of air would differ, because some carbon 
would be burned to CO instead of to COj. 

It is proposed now to carry this idea of the interchangeability of 
fuel and air much farther, and to examine the relationship between 
the two thermal efficiencies referred to the one and to the other. We 
shall begin with a gas engine, for in that it is easy to think of the fuel 
and air simply as two gaseous partners in the formation of the heated 
workh^ substimee; and except that one of them is present in a smaltor 
proportion than the other (about 1:4 at the correct mixture) there is 
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really no reason why we should regard one as the fuel any more than 
the other. 

It is an important point in what follows, that as a rule about 70 per 
cent, by volume of coal gas consists of the diatomic gases hydrogen 
and carbon monoxide, which have the same volumetric heats as air, 
and that if, therefore, the gas-air ratio be greater than in the correct 
mixture, the excess of gas does not increase the mean volumetric 
heat of the mixture to be heated. At and beyond the correct mixture 
there will be a certain limited amount of COg and H 2 O formed, and the 
bulk of the rest will have the volumetric heat of the diatomic gases, even 
with a large excess of fuel. The condition of affairs in a petrol engine is 
very different, because the presence of unburned hydrocarbon vapour 
rapidly raises the mean volumetric heat of the cylinder contents. 

Consider now an engine of compression ratio 5:1. The theoretical 
efficiency with ideal air as working substance would be 47*1 per cent. 
In other words this would be the efficiency if the volumetric heat of 
the working substance never rose above that of air at 15° C. and the 
conditions of instantaneous combustion and no heat loss were fulfilled. 
Now the volumetric heat would not increase if the temperature-rise 
in the cycle were very small. We can imagine, therefore, an engine 
using ordinary air with only a very small proportion of gas, so that the 
temperature-rise is trifling; and the engine would have the full air- 
cycle efficiency of 47-1 per cent. Equally well, we might argue that if 
the working substance be coal gas, with just a very little air to provide 
the oxygen necessary for a small rise of temperature, in the limit that 
engine, too, would achieve air-cycle efficiency. 

We have disregarded the practical difficulty of promoting combustion 
when either gas or air is present in a very small proportion, but that 
need not upset our discussion of theoretical efficiencies any more than 
the extravagance of running an engine with a working substance com¬ 
posed almost entirely of hydrogen and carbon monoxide. 

Now suppose that we construct a diagram, fig. 56,t of the same 
type, as figs. 51 and 64, but extended so as to include all possible 
mixture strengths from 100 jyev cent, air on the left to 100 per cent, 
gas on the right. For the average coal gas of art. 15 the correct mixture 
is roughly at 80 per cent, air and 20 per cent. gas. 

i* In this and the following article the figures and calculations given in the first edition 
of the book have not been revised. The discrepancies are slight, and unimportant for 
the- puiprose of these articles. 
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If we regaid efficiency from the ordinary standpoint in terms of 
gas, then the efficiency of the engine will be 47*1 per cent, when the 
fml-air mixture is 100 per cent, air; but in terms of air the efficiency 
will be zero under these conditions, for the engine would be using 
a great deal of air and doing no work. Similarly, at the extreme right 
of the diagram the efficiency in terms of gas will be zero, and in terms 
of air 47-1 per cent. At the correct mixture the efficiencies in terms of 



Fio. 56. Generalized efficiency curves referred to gas and to air for gas-air mixtures, 
from zero gas to IOC per cent. gas. Compression ratio 5:1. 


gas and air must be identical, because for that condition the calculated 
heat supply is the same frnm whichever of the partners in the com¬ 
bustion it is calculated. For the typical coal gas of art. 15 the energy 
at the correct mixture was 70,500 ft.-lb. per S.C.F. and the calculated 
efficiency 36*5 per cent., when allowance was made for the rise of the 
volumetric heat of the working substance with temperature, and for 
dissociation. If allowance had been made only for the rise of volumetric 
heats and not for dissociation, the calculated efficiency at the correct 
mixture would have been 38 per cent. 

Since the lines representing efficiencies in terms of gas and air must 
intersect at the correct mixture and must start from 47*1 per cent, 
and zero mpectively, at 100 per cent, air, their general form must 
be as BE and OE in fig. 56, or BE* and OE* when allowance is made 
fw dissociation. The part of the diagram reptemsniing gas-air mixtures 
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with more than 60 per cent, excess of gas is of no practical interest, and 
has been omitted except for the last 5 per cent, on the right-hand side 
of the diagram; but there is no logical reason against connecting the 
points E and E' by smooth curves with B' and O', for we have seen that 
the chemical events in the cylinder will be of just the same nature w hen 
there is a large excess of gas, and the volumetric heats about the same. 
To make the thing a practical possibility, all that would be required 
would be some means of getting the mixture to ignite, and to complete 
the combustion, when there is only a very little air present. 

The exact shape of the lines must depend upon how the volumetric 
heats and the amount of dissociation vary with temperature. Calcula¬ 
tion shows that the lines BE and BE' are very nearly straight, and that 
if one assumes that they are so, then OE and OE' are slightly convex 
upwards.! One can argue on grounds of continuity that there can he 
no sudden change of direction of the lines in going through the points 
E and E\ but on the other hand that there will be a point of inflexion 
at or near these points, where the temperature produced by the reaction 
reaches a maximum. 

It is instructive to follow out exactly what would happen with 
mixtures richer than the correct, on the assumption that the gas 
contains only the diatomic gases Hg and CO, which have the same 
volumetric heat as air. This will now be done, first on the assumption 
that no dissociation takes place, and then with allowance made for it. 

If there is only the rise of volumetric heat to allow for, then the true 
thermal efficiency will always be the same when the heat developed per 
cubic foot is the same4 With rich mixtures air would be displaced by 
gas, and it follows that both heat and efficiency would be the same 
when the air had been reduced to, say, 80 per cent. of its correct-mixture 
value as they would be with a weak mixture in which the gas present 
was 80 per cent, of that in the correct mixture. A point in the line EB\ 
therefore^ will be at the same height as a point in EB, at corresponding 

•f OE, for example, will be represented by the equation 

O-SOo; 

efficiency = (0-473—0 093a;) -— 

(1 — 

where x expresses the gas-air mixture as a fraction of the correct mixture (for proof, 
see Appendix II, p. 289). 

t In a rich mixture this assumes that selective combustion as between and CO 
does not occur. For if, in a rich mixture, aU the is always burnt, at the expense of 
some of the CO, this will alter the ratio of CO, and HfO in the products of combustion 
and will produce some alteration in the mean volumetric heat for the same range of 
temperature. 

SM7.9 CO 
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pcNsitions where the quantity of air and the quantity of gas are each 
the same fraction of the quantities in the correct mixture. 

As regards the efficiencies referred to gas in the rich-mixture region, 
if y is the fraction of the air in a rich gas-air mixture compared with that 
at the correct mixture, then heat will be reduced in this proportion, and 
power not quite in the same proportion, owing to a lower maximum 
temperature and consequent higher efficiency. Although the heat 
actually developed per cubic foot would be reduced in the proportion 
y, the total heat value of the fuel supply would be largely increased 
and the thermal efficiency referred to gas would therefore have fallen 
right away. Thus, to take a numerical example, the results for mixtures 
20 per cent, and 60 per cent, rich in gas would be as in table 24 and have 
been used in drawing the line EO\ 

TABLE 24 

Thermal efficiencies referred to gas for rich fud-air mixtures. DissockUion 

neglected. 

! Fractiona of the same quantity at the 
i correct mixture 


Mixture 

Q<18 

Air 

Heat and 
approxi- 
1 meUe power 

Fuel heat 
per cubic 
foot of 
mixture 

1 

Thermal 
efficiency 
referred 
to gas 

I 

Thermal 
efficiency 
referred 
to gas 

Correct 

per cent. 
20 

per cent. 
80 

1 

1 

1 

per cent. 
38*0 

20% rich 

23 

77 

0*96 

115 

0*835 

31*7 

50% rich 

27 

73 

0-91 

1-35 

0*676 

25*5 


The effect of dissociation is, at the correct mixture, to prevent the 
full heat of combustion of the fuel from being developed and so to 
lower the maximum pressure, the power developed, and the thermal 
efficiency; the latter from 38 to 36’5 per cent, for the coal-gas mixture. 
With rich mixtures, were it not for dissociation, the power must imme¬ 
diately begin to fall off from the correct mixture onwards, as the air 
present and the heat generated are reduced. The effect of dissociation 
is to maintain, and even increase, the pressures developed, over and 
above those at the correct mixture. It was shown in art. 24 and fig. 13 
that the calculated temperatures were higher for rich them for correct 
mixtures when dissociation was allowed for, and in a very beautiful 
series of closed-vessel explosion experiments with varying mixtures of 
CO, 0„ and N,, Fanning and Tizard^ have shown that when the pro- 
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portion of O 2 and Ng was nearly the same as in air, the highest pressures 
were developed when the proportion of CO was 20 per cent, rich as com¬ 
pared with the complete combustion mixture. The maximum pressure 
was then 1 per cent, above that obtained at the correct mixture, and 
even when the excess of CO was 60 per cent., the maximum pressure 
was only 1 per cent, below that at the correct mixture. 

In these experiments the fuel was pure CO with only a trace of 
hydrogen, but we may assume similarity of behaviour in coal gas with 
sufficient accuracy for our general discussion, and on this assumption 
we obtain the figures given in table 25 for the efficiency variation 


TABLE 25 

Thermal efficiencies of rich gas-air mixtures referred (1) to air and (2) to 
gaSy when dissociation has been allowed for. 





1 FraxtUnu of the tame etuantUp at the correct mixture 

{Thermal efficiency 

Mixture 
per cent, 
of eorreet 

Oae 

Air 

Approximate 
power (from 
Fenninff*8 
experimente) 

Heat 
from air 
present 

Thermal 
effieieney 
referred 
to air 

Heat 
from gas 
present 

Thermal 
efficiency 
referred 
to gas 

Referred 
to air 

1 

Referred 
to gas 

100 

per cent. 
20 

per cent. 
80 

1 00 

100 

1 00 

100 

100 

36-5 

36-5 

120 

23 

77 

101 i 

0-90 

105 1 

116 

0-88 

38-4 

32-0 

150 . 

27 

73 

0*90 

0-91 

109 

1-35 

0-735 

40*0 

27-0 


of an engine with rich mixtures when dissociation has been allowed for. 
It has been assumed that the power obtainable from an engine would 
show the same variation with mixture strength as the pressures 
reached in Fenning’s experiments. Burstall®* has actually observed 
the variation of I.M.E.P. with mixture strength in an engine running 
upon pure CO as fuel. Fenning’s figures have been taken for the calcu¬ 
lations, because in closed-vessel experiments there can be no question 
of any variation of the volumetric or mechanical efficiency of the 
engine having affected the results; and one can say with confidence 
that the increase of the maximum pressures with rich fuel-air mixtures 
was due to dissociation alone, and to nothing else. Burstall’s engine 
experiments confirm Fenning’s results very satisfactorily. They show 
a rise of I.M.E.P. of 1*3 'pev cent, between the correct mixture and one 
10 per cent. rich. 

The figures of table 25 have been used in drawing the lines and 
in fig. 66. It will be seen that by the time the mixture is 20 per cent, 
rich the calculated efficiency has already risen above the line 
which gives the calculated values for no dissociation, and that as 
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compared with the value at the correct mixture it has risen from 36'6 
to 38-4 per cent. 

These deductions as to a rise of efficiency referred to air, in a gas 
engine operating with a fuel-rich mixtiire, are more than confirmed by 
experiment. In fig. 57 the values obtained by Burstall** at compression 



Fio. 57. Observed thermal efficiencies of a gas engine (Burstall) on weak and 
on rich mixtures, referred to gas and to air. 


ratio 5:1 and at speeds of 1,000 and 1,400 r.p.m. are shown by dots and 
crosses respectively. To the left of the correct-mixture line (weak 
mixtures) the observed efficiencies are those referred to gas in the 
usual way; while to the right of the 100 per cent- line they are the figures 
referred to air. The observed rise of efficiencies on each side of the 
correct mixture reproduce very nicely the shape of the theoretical 
line BEB*. 

-The general shape of this line, with its point of minimum efficiency 
at the correct fuel-air mixture, reflects the rising temperature and 
increasing amount of dissociation as the correct mixture is approached 
from either side. As we approach from the left the full heat df the fuel, 
which forms the denominator in the efficiency calculation, inrareaiiee in 
proportion to the fu^ present, that is, to the ffistanoe from B ; but, 
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owing to the increase of volumetric heat and of dissociation, a less and 
less proportion of this total heat can be converted into work, and the 
efficiency falls. As soon as we pass to the right of the correct mixture 
along EB' the full heat based upon the assumed complete combustion 
of the air present begins to diminish at once, in proportion to the 
reduced air quantity, but unlike a point on BE^ near to E, there is 
actually more heat developed, and also a greater volume ratio, at points 
just to the right of E, and both these results of dissociation go to increase 
the calculated and observed power in spite of a diminution in the heat 
calculated as available on the basis of the air present. Dissociation 
would therefore lead us to expect a more rapid rise of efficiency as we 
move away from the point E to the right, than if we move away to the 
left, through a distance corresponding ix> the same percentage reduction 
in the heat calculated as available from the air and the gas respectively. 
At the mixture defined as 120 per cent, of the correct one, the heat 
from air present has diminished by 4 per cent, (see table 25) and the 
efficiency has risen from 36*6 per cent, to 38*4 per cent, (calculated) or 
from about 32 to 37 per cent, (observed). On the weak-mpture side the 
heat calculated as available will be the same when tnfe fuel is 0*96 
of its correct-mixture proportion, and the efficiencies, calculated and 
observed, can be seen from the diagram to have risen only from about 
36-5 to 37 per cent., and from 32 to 33 per cent, respectively. 

The experimental figures show a rise of efficiency on each side of 
the correct mixture noticeably greater than the calculated figures, 
an effect which is probably due mainly to the fact that the fuel-air 
proportions given by Burstall are for mixtures entering the cylinder. 
According as mixtures are weak or rich there will be oxygen or fuel gas 
left over in the cylinder from the last stroke, and in consequence the 
actual mixtures in the cylinder wiB be weaker and richer respectively 
than the mixtures entering. On the rich-mixture side the increase of 
efficiency may also be helped, for the reason given below, by selective 
combustion in favour of the hydrogen present. It was scarcely to be 
expected, in any case, that the figures of table 25 would give more than 
a cjualitative guid^ as to what is to be expected in an engine burning 
coal gas; being based, as they are, upon closed-vessel experiments with 
pure carbon monoxide as the fuel. In his engine experiments with pure 
CO Burstall observed a rise of efficiency almost exactly following the 
cidcmlated curve of fig. 57. His figures are 27*5 per cent, at the correct 
mixture^ rising to 29*5 per cent, with a xnixture 20 per cent. rich. 
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Both theory and experiment, therefore, have brought out the point 
which was made in art. 42, that the rough constancy of thermal 
efficiency, referred to air, in a petrol engine with rich mixtures was a 
chance one, and that in a gas engine this efficiency referred to air 
would be found to rise when the proportion of gas to air was greater 
than in the correct mixture. This increase of thermal efficiency referred 
to air serves also to explain the increase of power observed by Burstall 
with rich gas-air mixtures; for in a mixture 20 per cent, rich in gas, 
the air proportion has only dropped to 96 per cent, of its correct mixture 
value, while the efficiency has increased from 36*5 to 38*4 per cent. 
An increase of power is therefore to be expected equal to a little over 
1 per cent, on the basis of the carbon-monoxide experiments, and, as 
stated above, the greater increase than this which was actually observed 
may very possibly be traced to the fact that in mixtures rich in coal gas 
all the hydrogen is burnt in preference to the carbon monoxide. Refer¬ 
ence to the expressions for the dissociated products of combustion in 
art. 24 will show that this would lead to there being less dissociation at 
the maximum temperature, and it would also mean a rather lower mean 
volumetric heat of the products of combustion (see table 10, p. 87). 

Art. 48. Generalized efficiency for the petrol engine 

The behaviour of the petrol engine, when considered on lines similar 
to those of the last article, shows up very differently. Imagine as 
before an engine of compression ratio 5:1, and an efficiency diagram 
for it, fig. 58, similar in type to fig, 56. We assume that combustion 
presents no difficulty and that, however extreme the fuel-air ratio may 
be, the normal chemical reactions proceed between the oxygen and the 
hydrocarbon according to the quantities of fuel and air present. 

To the left of the correct-mixture line the diagram is veiy much 
the same as fig. 56, except that the proportion by volume of fuel vapour 
to air at the correct mixture is about 2 per cent, instead of 20 per cent. 
The two lines BE' and OE' will, as with coal gas, intersect at the point 
where the efficiency is that calculated for the correct mixture strength 
aftc^ allowing for dissociation. As before, we can imagine an engine 
in which the working substance is all fuel vapour, or, for the sake of 
being more definite, let us say heptane vapour; this being typical, as 
regards molecular weight, of an average petrol. As with coal gas, we 
can argue that when thm is v^ Uttle, and in the limit no, air preaent, 
the effidex^cy referred to the fuel will be zero. In other words, the line 
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E'O' falls away much as in fig. 56. When we come to the efficiency 
referred to air, however, there is a difference in the region of rich 
mixtures. It was argued, in the case of the gas engine, that the efficiency 
would rise to the air-cycle value of 



PER CENT PETROL BY VOL: 


Fig. 58. Generalized efficiency curves referred to fuel and to air for a petrol 
engine. Compression ratio 5:1. 


in the limit when there was no air present and the working substance 
was all coal gas; but this was because coal gas was largely composed of 
hydrogen and carbon monoxide, and its volumetric heat could be taken 
to be the same as that of air. Otherwise the y in the efficiency formula 
would have been very different. 

When we imagine an engine in which the working substance is, in 
the limit, entirely heptane vapour, this vapour will have a volumetric 
heat of 48 C.H.U. per mol as compared with 6*0 C.H.U. per mol for 
air. The value of y will therefore be 1*041, and the efficiency of the 
*heptane-vapour cycle’ will be 



IMMl 


0*066. 


It follows that the line E'B", after rising at first, will fall ,again 
later, on account of the rising volumetric heat of the working substance 
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as this gets richer and richer in heptane vapour, until finally, at the 
extreme right of the diagram, it is at the level of an efficiency 0*066. 

The rise of temperature on combustion with rich mixtures due to 
dissociation, as illustrated in fig. 13, combined with the increase in 
the volume ratio under these conditions, enables a rough estimate of 
the increase of power during the first 20 per cent., or 50 per cent., 
enrichment of the mixture to be made. Figures for this are given 
for heptane-air mixtures in table 26, together with the heat available 
as calculated from the air present, and the efficiency referred to air. 
The heat calculated from the air present is practically constant, 
because the fuel volume only increases from 2 per cent, to 3 per cent, 
of the total, even in the mixtiure 50 per cent. rich. 

TABLE 26 


Thermal efficiencies referred to air for a petrol engine with rich fuel-air 
mixtures. Dissociation allowed for. 





Fractions of the same quantities ai the 





correct mixture 





Approxi- 





Maximum 


mate power 



Thermal 

Mixture \ 

tempera- 


{from 

Heat 

Efficiency 

efficiency 

per cent. 

ture 

Volume 

columns 2 

from air 

referred to 

referred 

of correct 

reached 

ratio or 

and 3) 

present 

air 

to air 

100 

2,591 

1085 

100 

1000 

100 

33*8 

120 

1 2,603 

111 

103 

0*996 

I 03 

34*9 

150 

2,366 

1186 

Id 

0*99 

1 

1 01 

34*1 


It will be seen from the last column of the table that by the time 
the mixture is 50 per cent, rich the efficiency has already begim to fall, 
and from that point it will steadily diminish, a fall in temperature 
being more than compensated by a rise of volumetric heat of the 
working substance, on account of admixture with heptane vapour. 
Finally, as the volumetric heat approaches that of pure heptane vapour, 
the efficiency falls right away, to the value 6*6 per cent., as indicated 
by the line from E* which finishes at the point S'", 

The rough constancy of air consumption per I.H.P. hour, observed 
by Ricardo, of which figures were given in table 23, is now seen to 
correspond to the level portion of the efficiency curve E'B" immediately 
to the right of the point E\ Reference to table 23 will show that what 
has been referred to as a rough constancy of ’air per I.H.P. honr« or 
thermal efficiency referred to air, was in fact a small rise up to a mixture 
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20 per cent, rich, followed by a fall at 36 per cent, rich, so that after 
comparison of the last columns of tables 23 and 26 it may fairly be said 
that the agreement between experiment and theory is substantially 
complete. 

Art. 49. Thermal efficiency as affected by size and speed 

With engines of very different cylinder size the most appropriate 
design to be adopted may well vary in almost every detail, and it 
therefore becomes difficult to obtain comparable figures for the effect 
of size on thermal efficiency; for unless the cylinder details are closely 
alike, and the speeds nearly so, other factors will certainly enter in and 
mask any difference of performance due to size alone. The main differ¬ 
ence we may expect to find is a reduction of heat loss to the cylinder 
walls in large sizes on account of a reduction in the surface-volume 
ratio of the combustion space. It becomes at once clear that the 
shape of the combustion space must be similar in two engines to be 
compared, and that it must also be as compact and symmetrical as 
possible, for otherwise there may be little relation between the heat loss 
and linear dimensions. Apart from the ratio of surface to volume, the 
rate of heat loss will depend very much on the amount of scouring 
action of the hot gases over the cylinder-wall surface, that is, upon their 
turbulence, which in its turn will increase with the crankshaft speed 
in similar designs. 

An instructive series of tests waa carried out by a committee of the 
Institution of Civil Engineers** in the years 1903-6, of which a full 
account is given by Sir Dugald Clerk in his book.*^ Three gai^ engines 
were tested, of which the leading particulars, as well as the experi¬ 
mental results obtained, are given in table 27. 

TABLE 27 


Engine 


L 

R 

X 

Bore and stroke, inches .... 


5ixl0 


14X22 

r.p.m. ....... 


259 

204 

166 

Mean piston speed, feet per min. . 


430 

580 

610 

Compression ratio ..... 


5-67 

5-54 

5-38 

Ratio Burfaoe/volume of combustion space . 


1-625 

0-975 

0-674 

Ratio gas/air drawn in ... 


1:9 15 

1:917 

1:8-21 

Brake M.E.P. . . ^ . 

, 

67 

75 

74-5 

Indicated M.E.P. ...... 

Gas per B.H.P. hour (in cubic feet at the working 

80 

88 

86*5 

thmi>erature) 

. 

16-9 

15-8 

14-9 

Indicated thermal efficiency 

. 

31-0 

32*9 

34*8 

Ratio to air cycle ..... 

• 

0-62 

0-66 

0-71 


nd 


88S7.t 
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The engines were all built by the National Gas Engine Co. and were 
of the well-known horizontal type. They were all generally similar as 
regards cylinder design and shape of combustion space, and although 
there was a range of variation of some 50 per cent, in the revolution 
speeds, the mean piston speeds were much more on a level, so that gas 
velocities through the valves, and turbulence in the cylinders, may not 
have been very different. 

With the gas used in these trials, the ratio of gas to air, in a mixture 
giving complete combustion, was about 1:5, so that all the tests 
summarized in table 27 were made upon very weak mixtures. This 
might have been deduced from the low values of the recorded mean 
effective pressures, and also from the fact that the committee state 
that the brake horse-powers given were those found to correspond with 
the most economical result in each engine. We should expect the 
engines therefore to be working at the left-hand end of the efficiency 
curve in fig. 50; at about 61 per cent, of the correct mixture, in fact, 
for engines L and It, and 68 per cent, for engine X, 

At these mixture strengths the indicated thermal efficiency actually 
obtained by Burstall was 36*0 per cent, at 5 :1 (see fig. 50) and at the 
compression ratios of these engines it would have been 37-8 i)er cent., 
so that the efficiencies obtained were very low, judged by modern 
standards. The ignition timing is not stated, and one may surmise it 
was not the most suitable from the point of view of efficiency. The shape 
of the combustion chambers, which was by no means compact, as well 
as the much lower speeds of revolution, must both have tended to 
exaggerate the heat loss from the combustion space during combustion 
and expansion. For reasons to be explained on p. 272, however, it 
requires a large alteration of the heat loss to the cylinder walls td“ 
produce any considerable effect upon the thermal efficiency, and the 
difference between the efficiencies of the L, R, and X engines and those 
obtained by Burstall must be regarded as too great to be accounted 
for in this way. We are justified in concluding, therefore, that a more 
suitable ignition timing would have led to some improvement. If the 
timing wa« the same in all three engines, then some of the difference 
bet)veen L and X, 31*0 to 34*8 per cent., may be. accounted for by the 
fact that the flame would have to travel, in engine L, only 40 per cent, 
of the distance it would have to in engine X before reaching the cold 
cylinder walls, and unnecessary heat loss must have been incurred in 
engine L which could have been avoided by a later ignition timing. 
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These tests of the Institution of Civil Engineers Committee, although 
carried out so long ago, are still of great interest and value. They were 
most accurately made, and the only point on which they are open to 
criticism is in regard to the mechanical efficiency determinations. The 
committee fully realized that these were unsatisfactory, but in 1904 
the swinging field electro-dynamometer for measuring mechanical losses 
by motoring had not been developed, and the indicator was the only 
means available for arriving at indicated power. 

Ricardo^® has given some further comparative results on three more 
modern petrol engines at high speeds, of which particulars are given in 
table 28. 

TABLE 28 


Engine 

A 

B 

C 

Boro and stroke, inches 

3ix4 

4Jx8 

8x11 

r.p.rn. 

1,750 

1,7.50 

1,250 

Mean piston speed, feet per min. 

1,166 

2,333 

2,290 

Compression ratio ..... 

4-84 

4-84 

4-84 

Ratio surface/volume of combustion space . 

3*41 

212 

1-05 

Brake M.E.P. ...... 

114 

126 

135 

Indicated M.E.P. ..... 

1375 

146-5 

153 

Fuel consumption lb. per B.H.P. hour 

0-55 

per cent. 

0-51 

0-48 

Indicated thermal efficiency . . . 1 

29-6 

30-8 

32-0 

Efficiency ratio to air cycle 

63-5 

66-3 

68-9 

Efficiency ratio to theoretical limit 

860 

89-0 

92-5 


The air-cycle efficiency is 46-5 per cent., and the ‘theoretical limit’ of art. 44 for this 
ratio, and a mixture .5 per cent, weak, is easily found by proportion between curves CD 
and EF of fig. 52 to be 33^7 per cent. 

The combustion chamber in each of these engines was as compact 
as it is possible to have it, with valves in the head, although these 
were not similar in number and disposition. It will be seen that the 
piston speeds differ widely, and the ratios of valve area to jiiston area 
were so adjusted that, at the speeds stated, the mean gas velocity 
through the inlet valves was the same for all engines, namely 140 feet 
per second. 

Each engine was calibrated with a fuel-air mixture about 5 per cent, 
weak and with ignition adjusted for maximum power. Slightly higher 
thermal efficiencies could therefore have been obtained in each case, 
but the above tests are quoted as being about as near strictly com¬ 
parable as it is possible to achieve. It will be seen that there is a definite 
rise of efficiency with increase of size, which may be put down mainly 
to the reduction of surface-volume ratio of the combustion space, since 
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turbulence must have been very similar in the three engines. The rise 
of efficiency is only 2*4 per cent., as against 3-8 per cent, between engines 
Zr and X, although the reduction of surface-volume ratio is considerably 
greater in the former case, which points to the rise of efficiency between 
engines L and X having been due to something more than a simple 
matter of size. 

It is interesting to compare the heat balance-sheet figures, which 
are available for engines A and J5, with those for the engines of table 27. 
The comparison may be made from table 29. 


TABLE 29t 

Comparaiive heat baJance-sheels for the engines of which details are given 

in Tables 27 and 28. 


Engine 

A 

B 

L 

R 

X 

Heat to I.H.P. 

Heat to jacket water 

Heat to exhaust, etc. 

per cent. 
29-6 
29-5 
40-9 

per cent. 
30*2 

270 

42-8 

per cent. 
31-8 

34-1 

34* 1 

per cent. 
33-3 

29-6 

371 

per cent. 
34-7 

I 25-4 
39-9 


The compression ratio of the gas engines was higher, and they were 
working on a 40 per cent, weak mixture. The temperatures through¬ 
out their cycles must therefore have been much lower, and the pro¬ 
portion of the total heat supply which goes to I.H.P. (the indicated 
thermal efficiency) is higher. In spite, however, of the very much 
higher temperatures in the small, fast-running, petrol engines, and of 
their far higher degree of turbulence, it will be seen that the pro¬ 
portion of the whole heat which goes to the jackets is less than in all 
but the very large gas engine X. This, of course, is a reflection of their 
much higher speeds of revolution. 

With a change in revolution speed of the order of 1:10, as we have 
between these two sets of engines, there must of course be some reduc¬ 
tion of the proportionate heat flow to the cylinder walls during combus¬ 
tion and expansion; but when we pass from such generalities to a more 
careful analysis of the effect of speed upon thermal efficiency in engines 
of a similar type, we are immediately faced by a host of difficulties 
It is impossible to make a direct experimental comparison showing the 
effect of speed, in which this is the only variable, for the optimum 
performance at any one speed depends so much on the adjustment of 
ignition timing, mixture strength, and valve setting, for that particular 
t In (Connexion with the form of tables 29 and 90, see p. 271. 
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speed, that the results obtained by varying the speed alone would be 
quite meaningless. Variations of power and therefore of efficiency due 
to inappropriate ignition timing alone would quite mask any differences 
of heat loss due to the variation of speed. Ignition timing, it is true, 
could be adjusted for maximum power at each speed, but not so the 
valve setting, which is only slightly less important, or the mixture 
strength. And apart from these difficulties, the effect of a change of 
speed upon turbulence, and heat loss from the combustion chamber, 
would be different for different engines, so that no results of general 
applicability would be obtained. 

Fortunately, owing to the opposite effects of a reduction of time, and 
of an increase of turbulence upon the heat loss, the effect of speed upon 
thermal efficiency seems to be much smaller than was formerly supposed, 
and accurate analysis is not important. 

Some figures given by Ricardo in his book are quoted in table 30, 


TABLE 30 


Showing the effect of a change of speed upon the heat balance-sheet for a 

petrol engine. 


Bore and stroke, 4} X 8, 


Compression ratio, 3*8:1. 


r.p.m. ..... 


975 

1,500 

1,700 

Mean piston speed 

. 

1,300 

2,000 

2,266 

Heat to I.H.P. per cent. 

, 

25-9 

26-1 

261 

Heat to cooling water . 

, 

30-4 

28*0 

270 

Heat to exhaust, radiation, etc. 

• 

43-7 

45-9 

46*9 


from which it will be seen that the improvement of thermal efficiency 
for an increase of speed of 75 per cent, is almost negligible. Burstall*® 
has given the curve shown in fig. 59 for the variation of thermal 
efficiency of the same design of engine, running on coal gas, from which 
it will be seen that a variation from 20 per cent, below to 20 per cent, 
above the design speed of 1,600 r.p.m. produces a change of 0*75 per 
cent, in the thermal efficiency. The falling away at speeds below 1,000 
r.p.m. must not be taken seriously, for at those speeds the valve setting 
would have become unsuitable. Burstall’s curve was only arrived at 
after a number of oorrections had been applied to his observations to 
make it represent comparable conditions, and some of these oorrections, 
he points out, are open to criticiun. 

There is-a subsidiary effect of increased turbulence at high speeds 
which may become of importance in a petrol engine and is worth 
mentioning. That is, the effect of increased scouring during the 
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compression stroke, in removing unevaporated fuel which may be 
hanging about on, or near, the cool cylinder walls. With fuels of low 
volatility the effect may be appreciable. In a gas engine of course it 
will be non-existent. 

The figures of table 30 show a decrease of heat loss to the jackets, 
over the range of speed represented, amounting to 3*4 per cent, of the 
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Fig. 59. Curve showing the effect of speed variation upon thermal efficiency in an 
engine of normal s(>eed i,500 r.p.m. Compression ratio 5:1. Correct mixture (Bursta.U). 

whole heat input. It must be remembered, however, that the only heat 
loss which affects thermal efficiency is that during combustion and ex¬ 
pansion. This may be taken as about 12-15 per cent, of the total heat 
supply (see art. 63) as compared with the 30-4 to 27 per cent, to the 
jackets of table 30. A reduction of the heat to the jackets in the pro¬ 
portion observed means a reduction of the loss during combustion and 
expansion of only 

3’4x = 1-12 per cent. 

This proportion of the total heat supply becomes a gain in the heat 
available for conversion into work, and since the average efficiency of 
conversion is about 0*3, the percentage gain of indicated work (that is, 
the gain of thermal efficiency) will be 

1*12X0*3 = 0*33 per cent. 




VI. 49] THERMAL EFFICIENCY AS AFFECTED BY SIZE AND SPEED 207 

A 3-4 per cent, reduction of heat loss to the jackets, therefore, gives 
an increase of only 0*33 per cent, in the thermal efficiency; which is 
in reasonably good agreement with the observed figure of 0*2 per cent, 
in table 30, and confirms BurstaU’s result in showing how small an effect 
on the efficiency is to be expected from a large change of speed. 

As a general conclusion, therefore, upon the effect of increased 
speed on thermal efficiency, it may be said that, although with the 
large changes of speed represented by the difference between a ‘slow- 
running’ and a ‘high-speed’ engine, the reduced time available for heat 
loss to the cylinder is important, on the other hand, an increase or 
decrease of speed as much as 20 per cent, above or below the normal 
speed of an engine will have a very small eiiVct on efficiency, and that 
such effect as there may be is brought about by a balance of factors 
incidental to a change of speed, rather than by any influence due to a 
simple change of speed by itself. 

Art. 50, Thermal efficiency as affected by the type of fuel 

We exclude from this article all fuels of the ‘heavy-oil’ type, which 
are always employed in compression-ignition engines. Among the 
volatile liquid fuels for spark-ignition engines, the most important 
distinguishing factor is that of liability to detonate. Apart from this, 
one may say that, with one exception, there is nothing to choose between 
them all from the point of view of efficiency. Burstall showed that 
slightly higher thermal efficiencies could be obtained with coal gas than 
with petrol on the same engine under comparable conditions, probably 
for a reason referred to in the last article, namely, that with a gaseous 
fuel the more homogeneous mixing of the fuel and air prevents any 
waste through incomplete combustion in the neighbourhood of the 
cylinder walls. The difference, however, is not large enough to be of any 
importance in a, choice between the two fuels, compared with other 
factors which must necessarily enter in. Of all the liquid fuels tested 
by Ricardo the only one which can be differentiated from the rest is 
alcohol. 

Fig. 60 shows observations made upon a variety of fuels at different 
compression ratios plotted about a mean curve. The differences 
observed were scarcely outside the margin of experimental eitor. 

The exceptional behaviour of the engine with alcohol was not due 
to any special combustion characteristics of the fuel, but solely to its 
exceptionally high latent heat of evaporation. Reference to table 39 
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on p. 284 will*show that the latent heat of ethyl alcohol is about two and 
a half times that of an average petrol, and in consequence the liquid, 
although highly volatile (its boiling-point is 78® C.), does not become 
fully evaporated before the inlet valve closes. The evaporation process 
is completed during compression, and the amount of heat absorbed is 
so large as to produce a general lowering of temperatures throughout 



Fig. 60. Observed thermal efficiencies with a variety of liquid fuels at various 
compression ratios. Speed 1,500 r.p.m. 

the cycle. This is equivalent to working with a weak mixture in so far, 
as the lower temperatures of the cycle reduce the detrimental effect of 
increasing volumetric hpats upon the thermal efficiency. When running 
upon alcohol at full load it is noticeable that exhaust valves remain far 
cooler lhan on petrol. They continue to look black under conditions 
when with other fuels they would be glowing a good cherry red. 

If compared at the same compresedon ratio of S: 1, the best efficiency. 
obtainable with alcohol is about 2 per cent, higher than the best with 
an average jietrol, on account of the lower cycle tenipetatuies. But 
alcohol shares with coal gas the distinctioA of being a imn-detonating 
fuel. If adviurta^ is taken of this, so that ihermcd effidmcies with an 
average petrol and with alcohol are compared at tire hig^ieet ccnn* 
pression ratio which each will stand, taking this as 7^6:1 for alcohol 
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then the advantage of the latter fuel may be of the order of 20 per cent. 
Its advantage over benzol on the same basis would not be more than 
about 8 per cent., for benzol can be used without detonation up to very 
high compression ratios. Benzol, however, has shown itself liable to 
dangerous pre-ignitions under conditions in which an engine using 
coal gas or alcohol would run safely and steadily. 

The great drawbacks to alcohol as a fuel are its low calorific value 
and high price. The latter could no doubt be reduced by large-scale 
production, but reference to table 39 will show that its calorific value 
is no more than about two-thirds of that of petrol and as a consequence, 
in spite of the very high thermal efficiency obtainable, the weight of fuel 
consumed per horse-power is very large. Even when full advantage is 
taken of the high compression ratio at which it can be used, the fuel 
consumption in a single-cylinder engine is not less than about 0*56 lb. 
pei indicated horse-power hour as compared with 0*40 for a good petrol 
at its highest useful compression ratio. 

Art. 51. Thermal efficiency as affected by detonation 

We have seen in the last article that all volatile liquid fuels with the 
exception of alcohol, if they are tested at the same compression ratio, 
yield about the same thermal efficiency. Quite a number of fuels, 
however, cannot be tested at all above compression ratios of 5:1 or 
even 4*5:1 on account of detonation, and any comparison which leaves 
out of account this question of liability to detonate is ignoring what 
should be the main distinguishing factor in settling the value of a fuel. 

Since compression ratio is the chief factor which influences both 
power output and efficiency, the basis on which to compare two fuels 
must be the performance of an engine in which this ratio is adjusted 
to get the optimum performance with each. The method of H.U.C.R. 
values was developed by Ricardo to express tHe quality of fuels from 
the point of view of detonation. As explained in art. 29 the com¬ 
pression ratio at which a fuel begins to detonate depends not only 
upon the engine employed for the test, but also on the speed, the fuel- 
air ratio, the ignition timing, and the temperature of the ingoing 
mixture. The H.U.C.R., therefore, can be no more than a relative 
figure which is useful for comparing fuels under similar conditions. 
Ricardo has standardized the conditions of the test with his 'E. 35’ 
variable-compression engine as being 1,500 r.p.m,, with heat added to 
the ingoing air to the amount of 36 C.H.U. per minute. The reason 

58S7.t Be 
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for this latter condition is to facilitate evaporation of the less volatile 
fuels. H.U.C.R. is then defined as the highest ratio at which the engine 
will run on full throttle without detonation, when the fuel-air ratio and 
ignition timing are adjusted for maximum power output. 

The importance of comparing fuels by testing each at its H.U.C.R. 
was brought out in the last article in connexion with alcohol, and to 
illustrate the principle more widely there are given in table 31 the 


TABLE 31 

Power outputs and thermal efficiencies obtained vnth different fuels when 
tested (a) all at compression ratio 5:1 and (b) each at its H,U,C.R, 



Tested at compression 
ratio 5:1 

1 

Tested at 

Fuel 

Maximum 

Thermal 

efficiency 


Maximum 

I.M.E.P. 

Thermal 

ejfficiency 

Petrol B , . . 

131-2 

31-9 

6-35 

134 

33-1 

Petrol Q ... 

131-Ot 

31-7t 

4-7 

128-6 

30-7 

Benzene 

131-6 

31-8 

6-9 

146-5 

37-2 

Alcohol (95% pure) 

142 

32-5 

>7-5 

161-5 
(at 7-5:1) 

40-5 


t These values could not be obtained experimentally at 5:1 owing to detonation, but 
have been deduced from experiments at lower ratios in accordance with the known rate 
at which power and efficiency are affected by the change. 


thermal efficiencies and power outputs, expressed as indicated mean 
effective pressure, for a selection of the fuels given by Ricardo, firstly 
when all are tested at 5:1 compression ratio (columns 2 and 3) and 
secondly (columns 5 and 6) when each is tested at its H.U.C.R. 

The two petrols ‘D’ and ‘C?’ show a difference, when tested at their 
H.U.C.R.s, of 4*2 per cent, in power and 7*8 per cent, in efficiency, 
while if they had each been tested at the H.U.CiR. of namely 
4*7:1, no difference would have shown up at all. The advantage 
exhibited by benzene and alcohol tested at their H.U.CLR.s is much 
greater, and puts them in a class by themselves as compared with an 
average petrol. 

The apparent reduction of power of an engine when running upon 
a badly detonating fuel is in practice much greater than appears fi^m 
table 31 ; for in climbing a hill, low speed is often combined with a 
fully open throttle, and in these circumstances the onset of violent 
detonation with an inferior fuel is much accelerated. Every motorist 
knows that whm his engine b^ns to knock, this must he stopped 
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by partially closing the throttle. But any closing of the throttle means 
a lower mean effective pressure and a large reduction of power, unless 
speed can at the same time be increased by a gear change. 

The effect of detonation upon the power which an engine can give 



Fra. 01. Indicated mean effective pressure obtainable at different compression ratios 
with a non-detonating fuel, and with detonation prevented by throttling. 

may be very clearly brought out by an experiment with the variable- 
compression engine, of which typical results are illustrated in %. 61. 

The engine is run throughout at constant speed, and let os suppose 
that at first a non-detonating fuel such as benzol is used. A series of 
runs at full throttle are made with compression ratios from 4:1 up¬ 
wards, and the corresponding M.E.P.S obtained are plotted on the 
curve AB. Next, a fuel is used which begins to detonate at 4'8:1. At 
this point,.(7 on the diagram, the engine is giving an I.M.E.P. of 132 lb. 
per sq. inch. If now the ratio is raised further, in order to prevent 
detonation we shall have to close the throttle more and more, so that 
as tbq ratio gets lugher, the power obtained falls rapidly away along 
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the curve CD, At 6:1 for example the engine must be throttled until 
its I.M.E.P, is only 104 lb. per sq. inch, and at 7:1 it is only 85 ib. 
per sq. inch. 

The curves EF and EO are interesting as showing that when the 
throttle is closed to prevent detonation, the quantity of fuel-air mixture 
is reduced to a degree which keeps the compression pressure, as shown by 
EO, pretty nearly constant as the ratio increases. EF shows the rapid 
increase of compression pressure under full-throttle conditions. 

Since the throttle was closed always to a degree just sufficient to 
prevent detonation, one might be tempted to conclude, from the rough 
constancy of the compression pressure, that this was a dominating 
factor in promoting detonation. There is, however, another result of 
raising the compression ratio which is now recognized to be of much 
more importance than a change of pressure or temperature. As the ratio 
is increased from 4:1 to 7:1 the proportion of exhaust gas, containing 
COg aud HgO of high specific heat, which is left to mix with the incoming 
charge, drops from 10 per cent, to under 5 per cent, (see jtable 20), and 
the change in the volumetric heat imparted to the cylinder contents by 
this varying admixture of exhaust gas has a large effect on the flame 
temperature produced by combustion: a change of 1 per cent, by weight 
in the quantity of exhaust diluent will raise or lower the flame tempera¬ 
ture by as much as 20-25° C., and reference to table 20 (p. 143) shows 
that this is equal to the change of temperature produced by an altera¬ 
tion in the compression of a whole ratio from 4:1 to 5:1. The same 
table shows that a rise from 4:1 to 5:1 in compression ratio reduces the 
amount of exhaust diluent from 10 to 7J per cent. The effect of a rise 
of this amount in the ratio, therefore, acting through a change in the 
exhaust diluent; will affect the flame temperature to an extent 2 J times 
greater than any direct effect through a rise of compression temperature 
or pressure. 

When detonation was prevented by throttling during the rise of 
compression ratio from 5:1 to 6:1, in the experiment illustrated in 
fig. 61, the quantity of residual exhaust gas diminished, according to 
table 20, from 7*5 to 6 per cent, by weight of what the ingoing charge 
would have been at full throttle; but under throttled conditions the 
I.M.E.P., according to fig. 61, feU from 132 to 104 lb. per sq. inch, 
which is very nearly the same ratio of reduction as the quantity of 
residual exhaust. To a first approximation I.M.E.P. must have been 
proportional to the quantity of fresh mixture drawn in, and it foUows 
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that the conditions at the two ratios, in each of which detonation was 
just beginning, corresponded to equal proportions of residual exhaust 
products in the cylinder contents. 

Ricardo also demonstrated the influence upon detonation of artificially 



Fio. 62. Indicated mean effective pressures and specific fuel consumptions obtainable 
at different compression ratios with a non-detonating fuel, an<l with detoimtion prevented 
by adding cooled exhaust gas to the air entering the cylinder. 


adding cooled exhaust gas through the carburetter, to a detonating fuel- 
air mixture, as the compression ratio was raised. 

The curve AB in fig, 62 is the same as in fig. 61 and under normal 
conditions detonation started, as before, at 4-8:1. When cooled exhaust 
gas was added, however, in just sufficient quantity to prevent detona¬ 
tion at each ratio, it was possible to obtain the I.M.E.P.s shown by 
the curve CD, These are lower than those with a non-detonating 
fuel, because an increasing amount of effective fuel-air mixture is dis¬ 
place by the diluent. Nevertheless the mean pressures obtained are 
much higher than those of fig. 61 when detonation was suppressed by 
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throttling: 132 lb. per sq, inch as against 104 at 6:1, and 125 as against 
85 at 7:1. 

The addition of the exhaust diluent enables the compression ratio 
to be raised at once, with the detonating fuel, from 4*8:1 to 6:1 
without any loss of power whatever; and at the same time brings 
about a reduction of fuel consumption from 0-44 to 0-39 lb. per I.H.P. 
hour, giving a gain of thermal efficiency of nearly 11 per cent. 

At the higher ratios the quantity of exhaust diluent necessary to 
suppress detonation becomes so large that good combustion, and hence 
thermal efficiency, suffer, and the curve of fuel consumption per horse¬ 
power rises more and more as the mean effective pressure falls off. 

Art. 52. Thermal efficiency of the compression^ignition engine 

The problem of achieving a high efficiency in the compression- 
ignition engine is very different from that in a petrol engine. A high 
compression ratio in a petrol engine is not essential, but is desirable 
from the points of view both of power and economy, within the limits 
imposed by detonation. In the compression-ignition engine a ratio of 
at least 10:1 is essential to ensure ignition, and the problem becomes 
that of so controlling the injection, mixing, and combustion of the fuel 
as to achieve the power and economy proper to the high compression 
ratios employed. 

The curve KL of fig. 52, which was drawn through the plotted results 
of experiments with volatile fuels, represents the best thermal-efficiency 
values obtainable in practice on a single-cylinder petrol engine at com¬ 
pression ratios from 4:1 to 7:1. In fig. 63 the same curve has been 
continued, as at KLM, up to 17:1 by means of the formula 

efficiency = 1 — 

which fits well with the experimental figures, and from this exten¬ 
sion we may form a rough estimate of what is to be expected at the 
higher ratios, ranging from 10:1 to 16:1, which are employed in the 
compression-ignition engine. Two new factors enter into the operation 
of this type of engine, however, which affect both the power and 
economy obtainable. The first is the extreme difficulty of achieving 
perfect mixing of the injected fuel with the air, so that up to tibe 
present time it has never been found possible to bum efficiently more 
than about 75 per cent, of the air in the cylinder; the second fkctor 
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is the necessity for working with a controlled maximum pressure in the 
cylinder. 

The curve EF of fig, 52 giving the calculated efficiencies for a fuel- 
air mixture in which 80 per cent, of the air is burnt, has also been added 



Fio. 83. Thermal efficiency of Diesel engines at different compression ratios. 

to fig, 63 as the curve CD and extended by an appropriate formula to 
the higher ratios. It may be taken as indicating with sufficient accuracy 
what might be expected in the way of calculated efficiencies at the 
higher ratios, if all combustion could be assumed to take place at 
constant volume. This assumption, however, would involve excessiye 
maximum pressures of about 1,100 lb. per sq. inch at 10:1 and 1,800 
lb. per sq. inch at 16:1, if the heat developed corresponded to 76 
,p^ eent. of the air being burnt. Excessive maximum pressures are 
avoided by beginning the injection of the fuel rather later, that is, a 
shorter time before the dead centre. Although a shcurp peak pressure 
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is still obtained, this peak, at the agreed maximum pressure of perhaps 
900 lb. per sq. inch, occurs at a point when the piston has moved 
forward appreciably on the expansion stroke, and when, therefore, the 
full ratio of expansion is no longer available. At reduced loads, when 
less fuel is injected and constant volume combustion can with safety 
be more nearly approached, very high efficiencies can be achieved; and 
the problem which faces the research engineer and designer is that of 
extending these high efficiencies up into the region of mean effective 
pressures comparable to those customary in a petrol engine at full load. 
The combustion problem in the compression-ignition engine, therefore, 
resolves itself into one of making use of the largest possible fraction 
of the air in the cylinder; for, immensely valuable as is the faculty of 
yielding very high efficiencies at light loads, it is equally important 
to obtain a high output per unit of cylinder volume, and this cannot 
be done without rapid combustion of a large proportion of the air 
present. As stated already, no high-speed engine of the type has so 
far succeeded in burning more than about 75 per cent, of the air, 
and under these conditions the maximum I.M.E.P., consistent with 
maintaining a good efficiency, was about 135 lb. per sq. inch. If the 
injected fuel were any further increased, in an attempt to burn more 
of the air, and get a higher mean pressure, this merely resulted in the 
production of black smoke without any appreciable increase of power. 

To fig. 63 there have been added four experimental values of thermal 
efficiency obtained on single-cylinder compression-ignition engines. 
The values 46*6 per cent, and 38-3 per cent, marked W and X, at 12:1 
compression ratio, are taken from a paper by Taylor,and those 
marked Y and Z, 51*6 per cent, and 41*9 per cent., from one by Ricardo.®* 
The engine used by Taylor had a poppet-valve cylinder of bore and 
stroke 8x11 inches, with directed-spray injection, and a normal speed 
of 1,000-1,200 r.p.m. Ricardo’s engine had a sleeve-valve cylinder 
of 5J X 7 inches, in which mixing and combustion were achieved by 
organized air swirl. The sx>eed was 1,300 r.p.tn. The efficiency figures 
given above are indicated values, and in order that there may be no 
suspicion of exaggeration through an underestimate of the mechanical 
efficiency, it is worth while adding that the corresponding brake thermal 
efficiencies obtained from direct observation, which correspond with 
the points W and Y, were 38*7 per cent, and 40 per cent, respectively. 
These figures were obtained at mean piston speeds of 1,830 and 1^520 
f^t per minute in the two engines, and are the highest thermal efficien* 
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cies recorded. They correspond to a consumption of about 37 per cent, 
of the air present in the cylinder. The values given at X and Z are 
the efficiencies obtained at or near the maximum M.E.P.s at which 
efficient combustion could be maintained and under these conditions 
about 75 per cent, of the air in the cylinder was being utilized. Equally 
good indicated thermal efficiencies have been obtained by Ricardo at 
moderate M.E.P.s up to 2,670 feet per minute piston speed; but at this 
speed it has not so far been found possible to maintain high efficiencies 
up to the M.E.P.s corresponding to the points X and Z. 

Comparisons of experimental values with theoretical limits of 
efficiency are, for the Diesel engine, of doubtful value; for if a limit is 
placed upon the maximum cylinder pressure the appropriate theoretical 
standard depends very much upon the percentage of the total air which 
is burnt and, therefore, upon the M.E.P. at which we are endeavouring 
to work. As against this, it may be argued that the curve KI^M of 
fig. 63 is extrapolated from an experimental curve for a petrol-air 
mixture about 15 to 20 per cent, weak (this being the maximum 
economy mixture) when burnt at constant volume; that is to say, it 
corresponds to a fuel-air ratio just outside the proportion with which 
it has been found possible to work efficiently in a Diesel engine, and with 
which the points X and Z were obtained. We may, therefore, regard 
the curve KM as a practical limit towards which future full-load efficien¬ 
cies should strive and which they might be expected to achieve, were it 
not for the limitation plaeed upon the maximum cylinder pressures. 

The dependence of some of the best Diesel engine performances upon 
M.E.P., and upon the maximum pressures allowed, and at the same 
time their relationship to compression ratios, are brought out in fig. 64 
in which three sets of Taylor's experiments and one of Ricardo’s are 
plotted against I.M.E.P. It will be seen that the higher efficiencies, 
with 16:1 compression ratio, were obtained with a maximum pressure 
of 760 lb. per sq. inch, as against 800 throughout the curve giving the 
best of the performances at 12:1 ratio. So that the tests at the lower 
ratio ^ere at any rate at no disadvantage as regards the maximum 
pressure allowed, and the comparison affords good grounds for con¬ 
cluding that there is some .advantage to be gained, as regards economy, 
in working with the higher ratio. How far this advantage may be ex¬ 
pected to extend when a rise of ratio is accompanied by a limited maxi- 
upium pi^es^ure, is a question to be dealt with in the next article. The 
conclusion reached is that for full power conditions, when we must 

yf 
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aim at burning at least 75 per cent, of the air, there is no useful margin 
to be gained by increasing the ratio above 15:1 unless at the same time 
we are prepared to face a maximum pressure well above 800 lb. per sq. 
inch. Apart from questions of power and economy, there are, too, 
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Fio. 64. Variation of thermal efficiency with the power output in Diesel 
engines, showing the influence of fuel injection timing and of the maximum 

pressure allowed. 

certain practical considerations which have to be taken into account. 
Pre-ignitions, for example, do occur from time to time in the best 
regulated engines, and are much more serious at the very high ratios; 
and it is found, also, that under these conditions the engine performance 
becomes inconveniently sensitive to an exactly correct timing of the 
fuel injection. 

Returning now to fig. 64, the two uppermost of the three curves for 
the poppet-valve engine of 12:1 ratio give the results of two series of 
experiments under comparable conditions, but with different maximum 
pressures, 650 and 800 Ib. per sq. inch, allowed in the cylinder. The 
higher maximum pressures are obtained by allowing an earlier fuel 
injection at each corresponding value of the I.M.E.P. Combustion is 
thereby completed earlier, and the effective ratio of expansion, is 
increased. During each smes of experiments the moment of oom- 
mencing injection was made earlier and earlier as the load (and there¬ 
fore the quantity of fuel injected) was reduced. During the seri^ with 
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a maximum pressure of 650 lb. per sq. inch the timing varied from 12 
to 29*5 degrees before the dead centre; and with 800 maximum, from 
19 to 37 degrees. 

The lowest of the three curves shows what happens if the load, 
and therefore the duration of fuel injection, is reduced, without at 
the same time beginning injection earlier. Under these conditions no 
advantage was taken of the lower cycle temperatures which would 
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Fio. 65. Ricardo sleeve-valve Bingle.cylinder engine. Variation of specific 
fuel consumption with power output at constant speed, 1,300 r.p.m. Cylinder 
size, 5^x7 in. bore X stroke. Cbmpression ratio, 15:1. 

have permitted approximation more and more towards constant 
volume combustion at light loads, without exceeding the maximum 
pressure limit. The effective expansion ratio was not increased by 
having an earlier maximum pressure, and the result is that instead of 
rising, the efficiency at reduc^ loads remains nearly constant. 

Fig. 66 shows the fuel consumption in pounds per B.H.P. hour (the 
important figure in practice) for the same series of tests upon the 15:1 
ratio engine as are represented by the uppemost curve of fig. 64. The 
curve is t3^ical of what is to be expected from a well-tuned compression- 
ignition engine. It shows the low fuel consumption which can be 
obtained over a wide range up to nearly full-power B.M.E.P., and then 
the rapid increase of fuel consumption when a certain limiting M.E.P. 
is exceeded. Between 70 and 100 lb. per sq. inch the consumption was 
constant at 0*365 lb. per B.H.P. hour. On a h%h-q>eed engine at 2,200 
r.p.m. the only difference, apart from a lower mechanical efficiency, 
was that the range, of economical running was narrower; instead of 
extending from a B.M.E.P. of 65 up to 110 lb. per sq. inch, it was 
<ndy ftom 55 up tP 06. Asa result of the lower medumical efficiency the 
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minimum fuel consumption per B.H.P. hour was 0*39 lb. but on an 
indicated basis the fuel consumptions were identical, which shows that 
the limit of satisfactorily rapid and complete combustion to give high 
efficiencies in a compression-ignition engine has not been reached 
below 2,200 r.p.m. 

The same poppet-valve engine for which the results are given above 
when operating with a compression ratio of 12:1 had previously been 
calibrated as a petrol engine, with electric ignition and a compression 
ratio 4*84:1. It is therefore of some interest to give a direct comparison 
under the two conditions. Taking it first as a Diesel engine, at the 
maximum I.M.E.P., 133‘7 lb. per sq. inch, at which load the indicated 
thermal efficiency was 38*3 per cent, (see fig. 64), the maximum B.M.E.P. 
was 120*6 lb. per sq. inch and the fuel consumption 0*40 lb. per B.H.P. 
hour. When running as a carburetter engine on petrol, with its com¬ 
pression ratio lowered to 4*84, the engine developed 134 lb. per sq. inch 
B.M.E.P. at the same speed, and with a fuel consumption of 0*49 lb. 
per B.H.P. hour. 

While the change-over from spark- to compression-ignition, there¬ 
fore, lowered the B.M.E.P. by 10 per cent, from 134 to 120*6, fuel 
consumption was lowered by 18 per cent, from 0*49 to 0*40. 

A further important difference, in regard to economy, between the 
compression-ignition and the petrol engine is that whereas in the 
latter, as we have seen, it is never possible for a multi-cylinder engine 
to achieve the economy of the single-cylinder unit ovdng to inequality 
of fuel distribution, with the compression-ignition engine the reverse 
should be the case, at any rate on a brake horse-power basis. For with 
the fuel separately injected to each cylinder, the indicated thermal 
efficiency should be the same for the whole engine as for one cylinder 
of it, while the mechanical efficiency of the multi-cylinder should show 
some advantage over the single. 

Art. 53. The useful limit of compression ratio in Diesel engines 

The place of compression ratio in the functioning of a petrol engine 
is now well understood. It is recognized that a high compression ratio 
is advantageous, both from the point of view of power and economy, 
but that the tei^ency of fuels to detonate, and ultimately to pre*> 
ignite, places a practical limit upon the ratio which can be employed; 
The limit may be taken as about 7|: 1 with the highest grade of fuel, 
and under these conditions the maximum cylinder pressiues will be 
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just under 1,000 lb. per sq. inch, provided there is no detonation. 
Engines of the injected fuel type require a compression ratio of not 
less than 10:1 in order that the compression temperature may be high 
enough to ensure ignition of the fuel, but it cannot be said that there 
is any general consensus of opinion as to the limits of compression 
ratio in this type of engine. The optimum ratio for any particular 
engine must always depend to some extent upon design details which 
influence, for example, the shape of the combustion chamber; but 
it is a matter of some importance to assess the arguments for and 
against putting up the compression ratio above the minimum necessary 
to secure combustion, in an injection engine, and to decide where the 
useful limit is likely to be. 

Engines are in operation with ratios varying between 10:1 and 
16:1. At 20:1 the compression pressure would be over 900 lb. per sq. 
inch, that is to say, very near to the present accepted limit of maximum 
cylinder pressure. Since all combustion must, at this ratio, therefore, 
take place during the expansion stroke, with a consequent sacrifice 
of effective expansion ratio, we may safely conclude that, so long as the 
maximum cylinder pressure is limited to about 1,000 lb. per sq. inch, 
the useful limit of compression ratio must be somewhere well below 
20:1. 

On the basis of a comparison between experimental results obtained 
at 12:1 and 15:1 compression ratio it was shown in the last article that 
some advantage was to be gained, as regards thermal efficiency, by 
working at the higher ratio. The question to be answered is whether 
anything is likely to be gained by making the compression ratio 
higher still. 

In Chapter II the cycle efficiencies, using ideal air as the working 
substance, were given for the composite cycle of fig. 5 in which heat 
was added partly at constant^ volume and partly at constant pressure, 
in such a way as to maintain a constant maximum pressure. The 
effect of a limitation to 1,000 lb. per sq. inch maximum pressure was 
to make the rise of theoretical efficiency with compression ratio follow 
the dotted line which leaves the air-cycle curve of fig. 63 at ratio 10. 
The rise of efficiency is much less rapid than for the air-cycle, because 
the expansion ratio increases only slightly for a large increase in the 
compresdon. 

it will now be shown hpw a limitation of maximum pressure may be 
expected to affect the relationship between efficiency and compression 
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ratio when the real properties of the working substance are taken into 
account. A convenient method of doing this is illustrated by the dotted 
portion of fig. 66, in which the adiabatic compression of the composite 
cycle 1233'4 has been continued until the maximum allowable pressure 
has been reached by compression alone. 



Suppose the cycle 1233'4 represents the form of the cycle at compres¬ 
sion ratio 10:1. More work would be done per unit of working substance 
if the compression were continued up to some higher ratio, so that the 
cycle became 12'3'4, and more heat would be added also. The effi¬ 
ciencies of the two cycles can be compared by estimating the increase 
of work and the increase of heat added, as follows: 

Extra work of compression from 2 to 2' = Cj^T^—T^), where Gpis the 
mean volumetric heat of air between and T^. 

Work done during the process 2'-3 

.'.net increase of work . = ^(eT,—3^.)—C,<2V—T,), (1) 

where e has a vidue sightly gmter than 1, and is to allow an 

increase in the eSFeotive vi^e of the constant oyer its yidne 
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during compression, owing to introduction of the fuel and to the 
increase in the number of molecules during the combustion process 
2'-3. For heavy oils, on complete combustion, this increase might 
amount to 9 per cent., but for some fuels would be only about 4 per 
cent. In the cycle examined, even at the point 3' only 80 per cent, 
of the air, at the most, is supposed to be burnt, and at the point 3 
it .will be less. The value of e only affects the result to a small degree 
and we may assume a value of 1*03 for the present, with ample 
accuracy. 

The difference in heat input 

Where and are the mean volumetric heats of the mixture of the 
products of combustion and unburnt air. 

The difference between the compression temperatures and 
even for the full range between 10:1 and 20:1 compression, is only about 
250® C., and to a first approximation, therefore, we may take as 

the same for the range of temperature as for (Ta—J^). 

difference in heat input 

not being for the range (Tg—however, but for and 

(Ta-Jjj)' 

By a comparison of expression (2) with (1), remembering that 
is greater than and that e is greater than 1, it appears that the 
increase of heat input is actually less than the extra work done, and 
hence that it must pay to work with the higher ratio even when the 
maximum pressure is kept the same throughout. 

In order to estimate the magnitude of the difference two cases will 
be taken: ^ ^ 

(а) ^ = 10 and = 20 

(б) S = 15 and ^ = 20. 

For these high ratios of compression the increase of volumetric heat 
of air has an appreciable effect in reducing the average value of the 
index y in during compression. In the calculations below, the 
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value of y has been taken which corresponds to the average value of 
between 100® C. and the compression temperature. 

We have, then, for case (a) 

= 373® abs. =;= 14‘7 lb. per sq. inch. 


= 872® abs. 
T^. = 1091® abs. 


= 14.7x10x3-3 = 
j,,. == 14-7 X 20 X 


344 lb. per sq. inch. 

= 860 lb. per sq. inch. 




872 860 

103 ^ 344 


= 2116® abs. 


The constant pressure cycle 12'3'4, with 20:1 compression, gives the 
convenient practical maximum pressure of about 860 lb. per sq. inch. 
Mean for air between 872° and 1091° abs. = 22*95 ft.-lb. per S.C.F. 
Mean for products between 872° and 2116° abs. = 26.68 ft.-lb. per 
S.C.F. 

Mean for products between 1091° and 2116° abs. = 26.99ft.-lb. per 
S.C.F. 

i?= 1.985X3*90= 7*74. 

Netgainofwork = 7.74(1.03x2116-1091)-22.95(1091-872) 

= 8428—5026 = 3402 ft.-lb. per S.C.F. 

Increase in heat input = 1*03(35,595—33,066) = 2606 ft.-lb. per S.C.F. 

If the total heat input is that produced by burning 80 per cent, of the 
air present, this is about 66,400 ft.-lb. per S.C.F. and would produce 
a rise of temperature—allowing for dissociation and nitric oxide 
formation—of about 2,000° C., say 1,988° C. At the compression ratio of 
10 to 1 this temperature rise would give a maximum pressure of nearly 
1,200 lb. per sq. inch. The maximum, however, is to be 860, and there¬ 
fore in the composite cycle of 10 to 1 compression, only about 52 per 
cent, of the available heat is to be generated during the stage 2-3. 
The comparison, therefore, is between a cycle of 10 to 1 ratio in which 
about 52 per cent, of the available heat is generated at constant volume 
and one of 20:1 ratio, wholly at constant pressure. 

Now the theoretical efficiency of the 10:1 cycle for a 20 per cent, 
weak mixture, iii which dissociation is allowed for and all combustion 
takes place at constant volume, is about 0*47 (see middle full line 
curve, fig. 63). This efficiency is reduced to 0*46 when the pressure is 
limited to 860 lb. per s<]. inch., and the amount of diaspcwtion co^- 
epoidiug to'the new condition is recalculated. 
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Hence comparing the two cycles 1233'4 and 12'3'4, the efficiency 
of the 20:1 constant pressure cycle will be 
65,400x0 46+3,402 ^ 

65,400+2,606 

which is an increase of about 7 per cent, for the rise of compression 
ratio firom 10 to 20 with a maximum pressure of 860 lb. per sq. inch. 

Now taking case (6) in which we compare the 20:1 constant pressure 
cycle with the composite cycle of 15:1. In this latter cycle only about 
15 per cent, of the fuel is burnt at constant volume, when the point 
(3) is reached, and an appropriate value for e will be 1-01 instead of 1-03. 
We have 

Gcin 

= 996® abs. = 14*7 x 15 x - = 5891b. per sq. inch. 


== 1091® as before. = 860. 


996 860 

_ _ 


1440® abs. 


whence, after allowing for the appropriate volumetric heats corre¬ 
sponding to the different temperature ranges we obtain: 

Net loss of work = 605 ft.-lb. per S.C.F. 

Decrease in heat input = 422 ,, ,, 

It has been found above that the efficiency of the 20:1 constant pressure 
cycle is 0*492, and therefore the efficiency of the 15:1 composite cycle 
65,400x0*492-605 _ ^ 

““ 65,400—422 


Hence it appears that, under the assumed conditions of a maximum 
pressure limited to 860 lb. per sq. inch, while an increase in compression 
ratio from 10:1 to 15:1 gives an increase of theoretical efficiency from 
0*46 to 0*486, a further increase of the ratio to 20:1 produces a further 
rise of efficiency only to 0*492. 

To sum up, therefore, at a compression ratio of 10:1 it is possible to 
burn at constant volume rather more than half the air present without 
exceeding a maximum pressure of 860 lb. per sq. in. and the theoretical 
efficiency, if not more than 80 per cent, of the air is finally burnt, will 
be 0*46. If the compression ratio is raised to 15 :1, still with the same 
maximum pressure, the theoretical efficiency is increased to 0*486, but 
raising the ratio further to 20:1 gives only a very slight additional 
mcrease of efficiency, to 0*492. The dotted curve in fig. 63 (p. 215), 
which breaks away from the 20 per cent, weak curve at the point where 

og ^ 
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it is just possible to have all combustion at constant volume without 
exceeding the maximum pressure of 860 lb. per sq. in., illustrates ihe 
variation of theoretical eflSiciency, and leads to the conclusion that 
for full power conditions, when we must aim at burning at least 75 
per cent, of the air, there is no useful margin to be gained by increasing 
the compression ratio above 15:1 unless we are prepared for an increase 
of maximum pressure well above 860 lb. per sq. inch. 

In order to illustrate further the dependence of efficiency upon 
maximum pressure, it may be added that the reduction of efficiency at 
15:1 through limitation of the maximum pressure to 860 lb. per sq. 
inch is seen from the curves to be from 0'525 to 0-486. If the heat fipom 
burning 80 per cent, of the air had all been added at constant volume, 
the maximum pressure would have been about double, 1,760 lb. per 
sq. inch at this ratio. In other words the price of a rise from 0*486 
to 0*525 in the calculated efficiency is an increase of about 900 lb. per 
sq. inch in the maximum pressure. 



VII 

THE TESTING OP ENGINES 


Abt. 54. The aims of practical testing 

Engine testing to the student and to the practical engineer mean 
two very different things. To the student an engine test is a piece 
of practical experience, during which the engine does what it is expected 
to do, and he himself verifies facts about it which he has probably 
been told in a lecture or has read in a book. To the engineer, a test is a 
proof, firstly, that the engine will do what it was designed to do, and 
secondly, that it is capable of continuing to function without break¬ 
down for a proper length of time. The first of these two aspects differs 
only from the trial made for demonstration purposes in the attitude 
towards the engine of those conducting the test; but the second aspect, 
the one of endurance, would probably have been eliminated by the 
time an engine had reached the dignified respectability of being a 
piece of equipment in a students’ laboratory. 

It is all the more important for the student to realize that in practical 
life no engine can be said to have got through its early troubles, and 
be a fully proved design, until it has done many hours of continuous 
running at full power without needing attention. It is these hours of 
endurance running that bring out the weak points of a design, in a way 
which no short time test can possibly do. Endurance testing will be. 
mentioned again in a subsequent volume, in connexion with certain 
specially vital points of design and frequent sources of weakness. In 
the present chapter we shall be concerned only with tests to ascertain 
the limits of \vhat an engine can do. 

The very varied information which is required from an engine test 
may be grouped under certain headings. The main points are: 

(а) What is the power delivered by the engine, and what adjustments 
have to be'made to obtain the best performance from it. 

(б) What is its rate of fuel consumption, and hence its fuel consump¬ 
tion per horse-power, 

(c) How the losses, mechanical and thermal, are made up; and hence 
how much better the engine might be, and in what ways. 

The measurement of B.H.P. under any one set of steady conditions 
involves only the direct measurement of the speed, and of the torque 
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available at the shaft, either by a swinging field electrical, or a water, 
dynamometer, and these measurements are easily obtained with great 
accuracy. No difficulty in obtaining steady readings, and figures 
repeatable to 0*5 per cent, should be encountered with a well’tuned 
engine. Since attention, except in endurance tests, is always con¬ 
centrated upon cylinder performance, and since a test is always run 
at a constant speed, it is customary and convenient always to speak of 
the torque available in terms of a mean effective pressure per working 
stroke in the cylinders, to which it is proportional. The Brake Mean 
Effective Pressure, or B.M.E.P. represents no actual gas pressure which 
exists anywhere in the engine, but bears the same relation to the 
Indicated Mean Effective Pressure, which might be measured by the 
perfect indicator, if one existed, as the B.H.P. bears to the I.H.P. In 
other words 

B.M.E.P. = I.M.E.P.X mechanical efficiency 


and 


mechanical efficiency = 


B.H.P. 
I.H.P. • 


Direct determination of the mechanical efficiency by the simul¬ 
taneous measurement of B.H.P. and I.H.P. becomes quite unsatis¬ 
factory with internal combustion engines at high speeds.f Any 
indicator diagram drawn out to a base of piston displacement for the 
measurement of the I.M.E.P., must be so accurately 'phased’ if large 
errors are not to come in, that the method becomes impracticable. By 
correct pha.sing is meant the requirement that the pressure, indicated, 
for example, as occurring at half<stroke, must represent the pressure 
when the piston is exactly at this point of its own stroke. It can easily 
be shown that an error of no more than I'’ of crank angle between the 
relative phase of the real piston and of the indicator motion, will 
introduce an error of as much as 5 per cent, in the measured I.M.E.P. 
The method is therefore quite ruled out for accurate work, and it 
becomes necessary to arrive at the I.M.E.P. from measurements of the 
B.H.P. and of the mechanical losses when the engine is motored round. 

For the determination of motoring losses some form of swinging 
field electro-dynamometer is invaluable, for it enables a measurement 
of the torque necessary to turn the engine to be made immediately 


t In this connexion one may refer to some very complete tests by Bosemsrans and 
Felbeck*^ in which great precautions were taken to obtain an accurate reoord of pr es su re 
variations in the cylinder. In spite of this, the trials eidiibit seemmgly bi^pSssBlble 
variations of medianical efficiency In the engine. 
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firing has ceased, and while temperature and other conditions are 
therefore as nearly as possible the same as while running under power. 
Since about 60 per cent, of the power required to motor an engine is on 
account of piston friction, any change of viscosity or condition of the 
lubricating oil on the cylinder walls will soon introduce errors into 
the mechanical loss determination. For the testing of high-power 
engines it is convenient to have both an electric and a water dynamo¬ 
meter driven by the engine, the former large enough to provide the 
power for determining the motoring losses, and the latter to absorb 
the major part of the power output when the engine is running under 
load. 

Art. 55. The use of the indicator 

Great use has been made in earlier chapters of a type of indicator 
diagram in which a pressure record is obtained on a base of equal 
time intervals, or crank-angle degrees. Such a record can, of course, 
be replotted to a base Of piston displacement; but the same difficulty 
of correct phasing comes in as was referred to in the last article, for we 
have to determine which point on the time scale corresponds exactly, 
for example, with the dead centre. This can be done quite well within 
a degree or so, but that is useless where accurate figures for I.M.E.P. 
are required. 

There is no need, after the use which has been made of the diagrams, 
to emphasize the value of the pressure-time record in studying wliat 
goes on in an engine cylinder during the 45^ on each side of the dead 
centre. Such a record might be obtained in various ways, one of them 
being to employ an ordinary piston indicator in which the phase of the 
motion has been displaced by 90^ from that of the piston, and then to 
convert the diagram obtained to a base of equal time intervals. This 
would be laborious, and, moreover, any indicator in which the tracing 
point endeavours to follow the rise and fall of pressure throughout 
the stroke of a high-speed internal combustion engine is subject to two 
drawbacks. It is very difficult, in the first place, to design an instru¬ 
ment with so little inertia that it can follow the extremely rapid 
pressure changes accurately; and secondly, the pressure changes often 
do not repeat exactly from cycle to cycles and what one is really con¬ 
cerned with is the average behaviour taken over a large number of 
cycles. 

The type of instrument with which all the diagrams in this book 
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have been taken fulfils exactly the conditions required. It gives a 
pressure record direct to a base of equal time intervals, and the record 
obtained can be made the average of a very large or a smaller number 
of cycles according to choice. A full account of the ‘Famborough’ 
indicator has been given by Wood,^’ and only sufficient description will 
be given here to explain another essential virtue which it possesses 
over any piston indicator. 



The paper sheet on which the record is obtained is wrapped round 
the horizontal metal drum A in fig. 67, which rotates at crankshaft 
speed. A sparking point can move horizontally, parallel to the axis 
of the drum, and close to its surface, its movement being controlled by 
springs, and so made proportional to the pressure in the forcing chamber 
at B. The pressure is supplied from a high-pressure air bottle, and is 
allowed to rise gradually, the sparking point moving from end to end 
along the drum surface while it does so. There is at the engine end 
of the pipe C, in which the pressure is the same as that in the forcing 
cylinder, a little disk valve with some free movement between two 
circular seats, one on each side of it. This disk valve can be mounted 
so as to be almost flush with the wall of the cylinder to be indicated, 
and is held in contact by gas pressure with one or other of its circular 
cmts. The pressure on the outer side of this disk valve being either 
constant or slowly rising, there will be two occasions in every cycle 
when the disk valve will flick over from one seat to the other, unless 
the external pressure is greater tiian any which occurs at any tiipe 
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during the cyclical changes of pressure inside the cylinder. Whenever 
this flick-over happens, a spark passes from the spark point to the metal 
drum and leaves a fine puncture through the paper wrapped round it. 
As the pressure outside the disk valve gradually rises, and the sparking 
point moves along correspondingly against the calibrated springs, the 
point in the crank revolution, and equally in that of the indicator drum, 
when the disk valve flicks over will alter. And a record will be obtained 
which relates the pressure in the engine cylinder, through its causing 
the flick, to a particular instant of time, and to a particular pressure, 
which is fixed by the position of the sparking-point in its travel. 

The peculiar virtue of this type of indicator is that the pressure is 
recorded at the wall of the engine cylinder. Every one who has worked 
with an indicator in which a pipe connects the inside of the engine 
cylinder with the moving element of the indicator, be it piston or 
diaphragm, knows the troubles inherent in such a connexion. Apart 
from the time taken for pressure variations to travel up the pipe, which 
can be more or less allowed for, there is the likelihood of combustion 
and sometimes detonations occurring in the pipe, which will set up 
pressures at the indicator end which bear no relation to the pressures 
in the engine cylinder that we desire to measure. In the Farnborough 
indicator all this is eliminated. The disk valve, moreover, is extremely 
light, and its movement practically instantaneous, so that the only 
time error which must be allowed for is electrical lag between the 
movement of the disk and the passing of the spark; but this is a 
quantity which will be constant, and is easily measured and checked 
from time to time. 

A reproduction of an actual record taken with the indicator is 
given in fig. 68. The record is from a critical paper®^ dealing with the 
instrument^ and shows with what a high degree of accuracy a fair curve 
could be drawn through the line of punctures, when circumstances are 
favourable. A somewhat different form of instrument using the same 
type of recording mechanism has been described by Taylor and Draper.®® 

For much experimental work upon what goes on in an engine cylinder, 
in the way of variations in the rate of pressure>rise during combustion, 
this indicator is an invaluable instrument. The pressure-time curve is 
an accurate record of the succession of events, and for the study of 
combustion this is what we require: their absolute location within an 
accuracy of 1^, in relation to the crank position, is immaterial except 
when a measure of the indicated power i$ desired. 
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An indicator of the Famborough type, however, can only give a 
record of the average pressure variation with time over a Imrge number 
of cycles, and until the invention of the cathode-ray tube there was no 
form of indicator sufficiently devoid of inertia to follow accurately the 
rapid variations of gas pressure which may occur within a single cycle 



Fia. 68. Specimen record from the Famborough indicator. Kngine motored at 
1,600 r.p.m., compression ratio, 13*5:1. 


of a high-speed internal combustion engine. The absolute magnitudes 
of these pressure fluctuations are not often of practical importance, but 
it has been mentioned in art. 30 that pressure waves of a characteristic 
frequency are set up when detonation occurs, and the emplo}rment of 
the cathode-ray tube for detecting the existence of such high-frequency 
pressure variation is a possible development of the highest practical 
importance. It promises to afford a positive and certain indication of 
the onset of detonation at an earlier stage than any other method, and 
to be applicable to engines of any type. 

The application of the cathode-ray tube as an engine indicator hast 
been made possible by the development of the technique of electrical 
valve amplification. There are several forms of indicator which differ 
in their electrical stages, but in each type the first stage is not essentially 
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different from the old-fashioned indicator: the gas pressure in the 
cylinder produces deflexion of an elastic member, usually a steel dia¬ 
phragm, and the movement is employed either to generate electro- 
magnetically an inflnitesimal current which is subsequently amplified 
dr else to produce minute variations of current by alteration of a 
capacity or resistance in the electric circuit. The important novelty 
of the modem technique is that, with all the amplification necessary 
to produce an easily visible record carried out electrically, infinitesimal 
deflexions of the elastic member are sufficient, and it can therefore 
be made very stiff and of a natural frequency of vibration so high 
—40,000 to 60,000 per sec.—as to follow with ease the individual 
pressure fluctuations in the cylinder. In the absence of any compre¬ 
hensive critical publication dealing with the various types of cathode- 
ray indicator, the reader is referred to descriptions of certain individual 
instruments with illustrations of the types of records obtained 

Art. 56. Power at full throttle. The speed-torque relationship 

The power obtainable from an engine will depend upon the mean 
effective pressure in the cylinders, and the speed. The limit of speed 
is usually imposed by mechanical considerations such as inertia loading 
on the bearings and satisfactory valve operation. Mechanical limita¬ 
tions will not be considered here, and we shall simply assume that 
every engine has some maximum safe speed of operation, and a rather 
lower normal full speed at which it is designed to run. If full use is 
to be made of its speed, the engine’s ‘breathing’ arrangements must be 
designed to enable it to get a full cylinder charge up to its designed 
speed. In other words its valve area must be sufficient to get the charge 
in, in the time available, without an undue amount of throttling. This 
will depend not only upon the average area of the passage through the 
valves, but upon their opening and closing times. How sensitive an 
engine’s performance can be to its valve timing will be illustrated 
presently. If we assume that the optimum valve timing has been found 
for an engine designed to run, say, at 3,000 r.p.m., then the power, 
B.M.E.P., and mean effective pressure which is the equivalent of the 
friction and ‘pumping’ losses, will be related to the speed as in the 
typical curves given in fig. 69, It will be observed that the maximum 
power is developed at just over 3,000 r.p.m., but that the B.M.E.P. 
begins to fall off at about 2,000 r.p.m. owing to throttling at the valves 
and the increasing friction losses. 

m7.9 Hh 
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An engine with its valve timing arranged so as to develop its maxi¬ 
mum power at 3,000 r.p.m. may be quite unsuited for running at lower 
speeds, and vice versa. The point is illustrated in fig. 70 in which the 
two curves A and JB show the I.M.E.P. for the same engine over a 



Fca. 69. Typical test results from a 4-cylinder hif^-speed engine. 

range of speeds firom 800 to 2,000 r.p.m. with two different sets of valve 
timings. 

The effect of the change of valve timing between tests A and B was 
to bring the opening and closing of the valves more nearly at the raids 
of the piston stroke. The result is a higher mean effective pressure 
below 1,660 r.p.m., but above that speed there is a rapid falling away 
in the pressures obtainable with setting B as compared with setting A. 
The comparison is instructive, as showing that a curve of power against 
speed does not necessarily exidbit tihe merits or demerits of an engine, 
but only the suitabiUty of the adjustments for any particular 0 (m> 
dition of running. Such tests are thertfore of no great interiast in a 
book obnoemed with princi{dee of general application, «Eoe|it in so far 
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as it is important to understand the factors which influence the form 
of the curves which the tests yield. At every speed it is, of course, 



600 800 1000 IZOO 1400 1600 1800 2000 

Fia. 70. Maximum in(iioat©<i moan effective pressures obtainable with 
different valve timing. 



Fio. 71. The effect of ignition timing on power. Speed, 1,800 r.p.m. 
Fuel, petrol. 


essential that ignition timing should be adjusted to suit. Fig. 71 
gives a quantitative illustration of the importance of correct ignition 
timing for maximum power. Throughout these tests the speed was 
1,800 r.p.m., and all other conditions, such as mixture strength and all 
relevant temperatures, were maintained constant while the ignition 
timing was varied from O'" to 40"^ before the dead centre. Maximum 
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power was obtained with ignition advance about 26® early, and fell 
away about 10 per cent, when this was reduced to 9® early. Further 
advance beyond 26® caused a slight loss of power owing to an increase 
in the amount of negative work done by the piston. When ignition is 
too early there is an appreciable increase of pressure during the last 
part of the compression stroke, due to early combustion. 

Apart from adjustments of valve timing and ignition to suit the 
normal running speed, a controlling influence upon the power out¬ 
put is the volumetric efficiency. This is a factor of fundamental im¬ 
portance, and one which depends both upon the original design of the 
engine and upon the conditions of running. 

Art. 57. Volumetric efficiency 

There are two different ways in which the volumetric efficiency of 
an engine may be reckoned. We may define it as 

(а) The ratio between the volume of combustible mixture drawn in 
per stroke, reckoned at the pressure and temperature of the surrounding 
air, and the swept volume of the piston; or 

(б) The ratio between the quantity of combustible mixture drawn 
in per stroke and the quantity which would fill the swept volume at 
N.T.P. 

The second definition will be accepted in what follows, as giving 
a quantity somewhat easier to grasp clearly; although on this definition 
it would be more correctly described as a gravimetric efficiency, for 
it is really the ratio of two masses. The numerator is the mass of com¬ 
bustible mixture—or of air in a Diesel engine—drawn in per stroke; 
and the denominator the mass which would occupy the swept volume 
of the piston at N.T.P. 

If the inlet valve closed exactly at the end of the suction stroke, and 
if the pressure in the cylinder at that instant were 14*7 lb. per sq. inch, 
then the volumetric efficiency on the second definition would be 

273 

Temperature in degr^s C. abs. of the indrawn charge” 

before mixing with the exhaust gas in the clearance space 

If we take the temperature of the indrawn charge under these 
conditions as 60^ C., as suggested in art. 37, we obtain a volumetric 
efficiency of 82 per cent. Injpr^tice it is usually: l^s than thiis, be¬ 
cause the pressure at the end of the suction stroke is mthttlc^ 
atmospheric. The time necessary to open and close th^ yalve makes 
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it necessary to begin the closure some 35° before the end of the stroke, 
which introduces some throttling, and it is further necessary to delay 
completing the closure until some 25° after the end of the stroke, so 
that the effective swept volume is slightly less than would be given by 
the full movement of the piston. 

Volumetric efficiency depends upon so many variables that a good 
average figure is difficult to give. It may be said that it should lie 
between 72 and 78 per cent, for a normally aspirated engine, at its 
designed speed, but may be higher in special circumstances, such as 
on an exceptionally cold day with a high barometer. Apart from 
valve timing, form of induction system, and day to day conditions of 
external temperature and pressure, the volumetric efficiency depends 
upon the breathing capacity of the engine, that is to say, upon the 
mean area of the valve openings in relation to the area and mean speed 
of the piston; upon the mixture strength, and latent heat of evapora¬ 
tion of the fuel; upon the heat received by the ingoing charge during 
its passage through the induction system; upon the cylinder wall 
temperature; and upon the compression ratio. 

Taking first the question of breathing capacity, it is more important 
to provide ample area for the inlet than for the exhaust valves. When 
the exhaust valve opens the gas in the cylinder will be at a pressure 
of something over 50 lb. per sq. inch, and the momentum attained 
by the first rush of gas into the exhaust system is of great assistance 
in helping the withdrawal of the remainder. Like everything else in 
engine design, the decision as to the size of valves is a question of 
compromise. In order to keep down the power used up in getting the 
gas into and out of the cylinder, the ‘pumping loss’, it is clearly an 
advantage to have large valves and keep the mean gas velocity through 
the ports as low as possible. Large valves, however, are more difficult 
to keep cool; and we have learnt already the importance of turbu¬ 
lence, which depends upon maintaining a high gas velocity through 
the inlet valves. With poppet-valve engines which have valves in the 
cylinder head, a further factor is the limitation of the space into which 
they must be crowded; and the shaping of the passages before and 
after the valve seat becomes of great importance if the throat area 
available is to be used efficiently. 

Experience has shown that the best compromise is attained if the 
mean gas velocity through the inlet valve lies between 120 and 140 
feet per second, and that for good volumetric efficiency it should not 
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be greater than 160 feet per second at the normal speed of the engine. 
Gas speeds through the exhaust valve, for the reason given above, can 
safely be allowed to be 50 per cent, greater than through the inlet 
valve. These figures are expressed in accordance with a simplifying 
convention which imagines the valves to be fully open during their 
entire opening period, and thr figures are therefore considerably below 
the real mean gas velocity. 



Fio. 72. Variation of volumetric efficiency with fuel-air ratio. 

As regards the influence of the mixture strength with liquid fuels 
upon volumetric efficiency, it has been pointed out in art. 22 that the 
latent heat of evaporation of an average petrol would lower the tempera¬ 
ture of the indrawn air, at the correct mixture strength, if no extra 
heat were added, by about 28° 0. For benzene the figure is 33° C., and 
for ethyl alcohol about 103° C. for the pure spirit, with an additional 
3*5° C. for every 1 per cent, of water it may contain; all figures being 
on the assumption that the fuel is entirely evaporated by the time the 
inlet valve closes. With alcohol, however, this is not so. The heat 
required for evaporation is so great that, in spite of its high volatility, 
the liquid is unable to pick up sufficient heat in the time available 
to give complete evaporation before the valve closes. 

Volumetric efficiency is affected by mixture strength, partly becatise 
of a difference in the fi.mount of cooling by evaporation, with a liquid 
fuel, and partly bec^r^ of the alteration in the cylinder-wall tempera¬ 
tures. Fig. 72 shows th.3 variation of volumetric efficiency with different 
mixture strengths for the E. 35 engine at 5:1 compression ratio using 
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petrol, alcohol, and coal-gas. When running on coal-gas no heat was 
added to the ingoing air, but with the liquid fuels the air was heated 
electrically to the extent of 0-024 C.H.U. per revolution, otherwise 
the volumetric efficiencies would have been about 4 per cent, higher 
(see fig. 73). Although the absolute values of the volumetric efficiency 
on coal-gas cannot usefully be compared with the values where the 
liquid fuels are concerned, owing to differences in the carburetter and 
heat input conditions, yet the difference between the ways in which 
the volumetric efficiency is influenced by the mixture strength, as 
shown by the three curves of fig. 72, is most instructive. There is a 
slight diminution from the weak to the correct mixture in all three, 
followed in the case of petrol by a slight, and with alcohol a much more 
pronounced, increase. With coal-gas there is some indication of a 
dropping tendency until 20 per cent, rich, after which the value is 
substantially constant. 

The diminution of volumetric efficiency (measured in terms of air 
only) as more fuel is added to the weak mixtures, which is barely 
1 per cent., may be due in part, for the liquid fuels, to an additional 
displacement of air by fuel vapour; but the more important cause is 
most probably a rise in the surface temperature of the walls of the 
cylinder head and piston, as the flame temperature increases with the 
richer mixtures. Beyond the correct mixture an excess of the liquid 
fuels will increase the average volumetric heat of the cylinder contents 
and so keep down the flame temperature and that of piston and 
cylinder walls. Besides this, evaporation of the extra fuel will have a 
direct cooling effect upon the cylinder wall surface, and there is there¬ 
fore a double influence tending to increase the volumetric efficiency. 
With alcohol, because of its great latent heat, the direct cooling effect 
is exaggerated and the consequent increase of volumetric efficiency 
much more marked. With coal-gas the flame temperature will continue 
to increase up to the maximum power mixture, 20 per cent, rich, and 
beyond that point, in the absence of any cooling by additional evapora¬ 
tion, the curve remains nearly horizontal. 

It should, perhaps, be explained that with the liquid fuels the 
volumetric effidency was measured on the basis of the air only which 
was drawn in. In the coal-gas experiments, of course, it was the total 
volume of gas-air mixture which was measured. 

A comparison of fig. 72 with the earlier fig. 33 in which I.M.E.P.S 
wme diown for different mixture starengths again brings out the point 
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that, while the increase of volumetric efficiency between the correct 
and the maximum power mixture strength is only about 0-6 per cent., 
the increase of power is 3-5 per cent., bo that this increase must be 
mainly attributed to dissociation, which has the twofold effect of in- 



Fig. 73. The variation of volumetric efficiency and maximum 
I.M.E.P. with the amount of heat given to the indrawn mixture. 

Speed, 1,500 r.p.m. Compression ratio, 5:1. Fuel, petrol. 

creasing the maximum temperature and also the volume ratio a, with 
the rich mixtures. 

It has been mentioned that if no heat had been given to the in^ 
going air the volumetric efficiencies for the liquid fuels of fig. 72 would 
have been about 4 per cent, higher. The relationship is linear within 
the range of practical heat additions, and is given in fig. 73 for petrol, 
at the maximum power mixture strength, that is, 20 per cent. rich. The 
corresponding I.M.E.P.s for 5:1 compression ratio are shown in the 
same figure, and are proportional to the volumetric efficiencies. !For 
the correct mixture strength the volumetric efficiencies would be 0*5 
per cent., and the I.M.E.P.s about 4 per cent., lower throughout. 

A lowering of cylinder cooling water temperature from 100® C. to 
40® C. produced, in the same engine, an increase of 2 per cent, in the 
volumetric efficiency on account of reduced heating of the ingoing 
charge. The values of fig. 73 were all obtained with a |acket water 
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temperature of 60® C., so that the maximum variation on this account 
from the values given would be ± 1 per cent. 

There is at first sight no reason why an increase in compression 
ratio should cause a fall off in the volumetric efficiency, and the fact 
that it was found to do so to a quite considerable extent, as illustrated 
in fig. 74, was very puzzling. The mixing of the ingoing charge with less 



Fio. 74. The variation of the volumetric ejfficiency with compression 
ratio in Ricardo ‘E. 35’ single-cylinder engine. 

hot residual gas at the higher ratios would have no effect if volumetric 
heats were the same at all temperatures, but increasing as they do, 
the effect of a reduction in the residuals should tend towards an increase 
of volumetric efficiency. During the experiments at different ratios 
great precautions were taken to maintain the mixture strength, jacket 
temperature, and heat input constant, so that there could be no 
doubt the change was a true result of compression ratio only. 

An explanation of the phenomenon suggested by Alcock^ is as 
follows. While the piston is almost stationary for an appreciable time 
at the end of the exhaust stroke, very hot gas remains in the clearance 
space, for no fresh mixture will so far have entered through the inlet 
valve to cool it. During this period the hot residual exhaust gas will 
rapidly lose heat to the cylinder walls, and any contraction, due to this 
loss of heat, which occurs after the closing of the exhaust valve will 
have the result of allowing an extra quantity of fresh charge to enter 
through the inlet valve—in other words, it will increase the volumetric 
effidency.^ Now at high compression ratios the ijuantity of residual 
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exhaust gas is less, and also it is cooler, so that on both accounts the 
amount of its contraction due to cooling will be less, and so also will the 
amount of fresh charge which can enter to make up for the contraction. 

This explanation is perfectly logical, and satisfactory in a qualitative 
sense. When examined quantitatively, however, it is not easy to see the 
whole observed increase of volumetric efficiency, from 70*5 to 76*5 per 
cent, between 7:1 and 4:1, as being accounted for in this way. 

The observed increase amounts to 8*5 per cent, of the air drawn in at 
the 7:1 ratio, so that if we call the swept volume T^, and the clearance 
volumes at the two ratios T^/6 and T;./3, and suppose that the hot gas 
left in the clearance space contracts in each case, by cooling, to Ijn of 
the volume it had when the exhaust valve closed, then 

whence - == 0-49. 

n 

The absolute temperature of the residual gas, therefore, would have 
to be about halved by loss of heat to the cylinder walls to account for 
the observed change of volumetric efficiency. 

The magnitude of the effect, if Alcock’s explanation be correct, 
will clearly be very much affected by the valve timing. In most high¬ 
speed engines there is a certain amount of ‘valve overlap', by which 
is meant that the exhaust valve does not close until some degrees of 
crankshaft revolution after the inlet valve has opened. In Ricardo’s 
engine, on the other hand, there was, for special reasons, a ‘negative 
overlap’ of about 6 degrees, in the sense that there was a period of 
this duration at the end of the exhaust stroke during which the cylinder 
contents were isolated completely, the exhaust valve having closed 
and the inlet valve being not yet open. These conditions are clearly 
those in which any effect caused by rapid cooling and contraction of 
very hot residual exhaust gas would be exaggerated. A significant 
fact is that Burstall,®^ working with the same design of engine but a 
slightly different valve timing, and with a weak mixture of coal-gas 
and air, found no change of volumetric efficiency at all, between 4:1 and 
7:1. This he accepts as being due to the weak mixture and lower gas 
temperatures. In some other exjieriments with rich mixtures a slight 
change was found, but very much less than with petrol. 

With lower cycle temperatures the effect might be expected,to Ibe 
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less, but that it should disappear altogether is scarcely consistent 
with its being caused solely by an interchange of heat with the cylinder 
wall^. It seems likely, therefore, that the large reduction of volumetric 
efficiency with increase of compression ratio shown in fig. 74 is an 
effect depending very much upon the valve timing, and one which 
may very possibly be non-existent in an engine with any considerable 
amount of valve overlap. 

Art. 58. Fuel consumption measurements 

It was explained in the last chapter that we have to think of the 
thermal efficiency, and the fuel consumption, of an engine as two 
separate things, which give different and equally important kinds of 
information about it. An engine’s thermal efficiency figure expresses 
the best it can do in the way of turning heat into work; its fuel con¬ 
sumption tells us what it is doing at the moment. Its thermal efficiency 
is a quality of the engine itself; but a single test of the rate at which 
it is consuming fuel may be no more than a test of the suitability of its 
carburetter adjustment. 

Nevertheless, the fuel consumption per B.H.P. is the figure of 
practical importance, and engine economy will now be approached 
from this point of view. Provided proper precautions are taken to 
ensure that the lowest possible fuel consumption per horse-power 
has been found, then this gives us aU the information we require 
about the engine’s economy, and incidentally enables the best thermal 
efficiency actually attainable to be calculated, if we wish to do so. 

We have seen that over a large range of mixture strength on the 
rich side the power obtainable from an engine at constant speed 
varies little, but is a maximum at about 20 per cent. rich. It follows, 
therefore, that if an engine is running on the maximum power mixture 
strength, or a i^icher one, and steps are then taken to cut down the 
supply of fuel while running, by means of an adjustable jet in the car¬ 
buretter, we shall at first reduce the fuel consumption with little altera¬ 
tion of power, and there will be a proportionate reduction in the fuel 
consumption per horse-power. A point will come presently when 
further fuel reduction causes a more and more rapid fall in power, and 
the fuel consumption per horse-power, after reaching a minimum, begins 
to increase again. A typical 'consumption loop’, which represents the 
results of an experiment of the kind described, on a single-cylinder 
is shown in fig. 75. The progress of the experiment as described 
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above while the fuel is cut down may be followed round the curve 
from A to B and (7. At first there is a rapid drop of fuel consumption, 
with at first a slight increase, followed by a slight decrease of I.M.E.P.; 
then the more rapid fall off in power as we turn the corner at B ; and 
finally there comes a time when the power drops roughly in proportion 



Fio. 75. Typical ^consumption loop\ Speed, 1,500 r.p.m. Compression 
ratio, 6:1. Fuel, petrol. 


to the fuel reduction, giving a period BC of nearly constant fuel con¬ 
sumption per horse-power, with a minimum point easily obtained by 
drawing a horizontal tangent. In the same way the maximum power 
is easily obtained by drawing a vertical tangent to the curve at the 
right-hand side. The point J5, where the fuel consumption per horse¬ 
power is about 20 per cent, below that giving maximum power, would 
correspond to the correct fuel-air mixture, giving Just complete com¬ 
bustion. At each reading throughout the experiment it will be necessary, 
of course, to adjust the ignition advance so as to get maximum power; 
for although the speed is constant, the rate of burning will vmy with 
the fuel-air ratio. 

It willhow be clear that, unless we know at what point we areworkiiiig 
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on this consumption loop in any particular experiment, a mere measure^ 
ment of horse-power and fuel consumption may tell little or nothing 
about the economy of the engine. If the carburetter adjustment were 
such that the experiment was represented by the point A, it would 
mean that a lot of fuel was being wasted and that we were not even 
getting all the power we might have done with a less rich mixture. 
The excessive richness of the mixture would have been evident to an 
experienced tester from the yellow colour of the flames from the 
exhaust ports, if they could be seen, and men get very skilful at judging 
carburetter adjustment from the look of the exhaust gas; but, neverthe¬ 
less, the plotting of a consumption loop, ss the result of a series of 
observations, is the only way of getting full and satisfactory information 
about the fuel economy of an engine. 

The length of the approximately horizontal portion BC of the con¬ 
sumption loop is an important characteristic of the engine and of 
the fuel used, for it tells the range of power over which a good economy 
can be maintained before the limit is reached, at C, because the fuel-air 
ratio is too weak for rapid and regular combustion. The curve of fig. 75 
is for a single-cylinder engine. In a multi-cylinder engine the economical 
range of fuel-air ratio on the weak side is always narrow in comparison 
because, as explained in arts. 41 and 42, there is always some inequality 
of fuel distribution, and so soon as the first cylinder becomes starved of 
fuel the limit of steady running for the engine will have been reached; 
even though the majority of the cylinders may still be receiving un¬ 
economical fuel-air mixtures. The curves B, and C in fig. 76 show 
a series of consumption loops plotted against B.M.E.P. for a four- 
cylinder engine, all taken at the same speed of 1,000 r.p.m. but at differ¬ 
ent throttle openings, so that the range of B.M.E.P. is different for each 
loop. In curve A there is scarcely any range of constant fuel consump¬ 
tion per horse-power, corresponding to the horizontal portion of the 
curve in fig. 76, but for 10 lb. per sq. inch above and below 100, at 
which the minimum point occurs, the increase in fuel consumption is 
not more than 5 per cent. The curves B and (7, for the partially throttled 
conditions, show progressively less range of power control by fuel- 
air ratio, owing to the increasing proportion of residual gas to fresh 
charge when the engine is throttled. This slows down the combustion 
too much to allow of the power being maintained down to the weaker 
mixtures. 

-This effect of dilution with exhaust gas under throttled conditions 
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is brought out by the curve through the points Z>, and JP, which 
shows the ignition advance necessary to give maximum power at the 
correct fuel-air ratio, at each throttle position. It increases, on account 
of the slower burning, from 14° at full throttle to 30° when the engine 
was throttled so as to give about one-third of its maximum output. 

Measurements of minimum fuel consumption per horse-power, by 



Fig. 70. Ck)nsumption loops at three different throttle openings. Four-cylinder 
petrol engine. Constant speed, 1,000 r.p.in. 


themselves, tell nothing about the thermal efficiency, and it is only 
because the calorific values per pound of nearly all the liquid fuels are 
substantially the same, that for practical purposes we can use the fuel 
consumption figure to express the heat economy of an engine. This 
point is well brought out in fig. 77, in which fuel consumption loops 
are given for the single-cylinder engine using alcohol and petrol at the 
same compression ratio of 5:1. The ciurve for pure benzene has also 
been added, in order to show that with the two fuels, petrol and 
benzene, which give identical thermal efficiencies (see fig. 60), the 
minimum consumption expressed in pounds per horse-power is some 
4 per cent, greater on the benzene, on account of a difference in the 
calorific value. It may be mentioned that the petrol was itself rich 
in aromatics, and the difference in calorific values, ^erefore, was not 
the full diiGtoonce between pmraffins and aromatics when pure. If the 
(XHisumption had' been expressed in pints, instep of pounds; pw hoot)- 
power, the cmismnption of benzene would have been 7 per cent, lees 
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instead of 4 per cent, greater, for the specific gravity was 0-88 as 
against 0*78 for the i>etrol. 

It is very necessary, therefore, to recognize the importance of the 
units in which fuel consumption is expressed, and the nature of the 



Fio. 77. Consumption loops with different fuels. Speed, 1,500 r.p.m. 

Compression ratio, 5:1. 

fuel consumed. Although fuel consumption per horse-power is a useful 
and readily apprehended figure, the only way of giving unequivocal 
data about the performance of an engine itself is to state its thermal 
efficiency. 

In spite of the fact that the lowest consumption of alcohol at the 
5:1 ratio, in the tests of fig. 77, was 0*67 lb. per I.H.P. hour as against 
0*43 for petrol, the thermal efficiency was actually rather higher, being 
33*5 as against 32 per cent. The difference in thermal efficiency is due 
to the lower temperatures which prevail throughout the alcohol cycle, 
on account of the large amount of cooling during its early stages, caused 
by evaporation of this fuel with an exceptionally high latent heat. The 
effect on volumetric efficiency of this cooling, which was noted in 
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the last article, is reflected in the fact that the maximum I.M.E.P. 
using alcohol was 138, and increased up to the richest mixtures, whereas 
with petrol the I.M.E.P. shows a maximum of 131*5 at a consumption 
of 0*5 lb. per I.H.P. holir. 

In spite of the higher power and higher thermal efficiency with 
alcohol, its low calorific value and high rate of consumption ruust 



Fxg. 78. Comparative conaumption loops with petrol and alcohol at low 
and high compression ratios respectively. 


prevent its competing with petrol unless sold at about two-thirds of the 
price, if it were to be used in the same engine. Alcohol, however, has 
the compensating advantage that it ^ practically a non-detonating fuel. 
At any rate it will bum quite satisfactorily at 7*5; 1 compression, and 
it is of some interest to see how nearly alcohol as a fuel could compete 
with ordinary xietrol on « basis of we^ht consumed per horse-power,, 
if full advantage be taken of the possibility of using it in a high-oom- 
pression engine. In iig. 78 the consumption loop for petrol at 4:1 is 
given side by side with that for aloohol at 7:1, and it will be seen that 
the minimum consumptions per horse-power are 0-50 and 0*80 reqpqo-' 
tively, while the maximum power with alcohol is nearly SO per emt. 
greater for the same size of engine, the ma xim u m being . 

122 and 170 lb. per sq. inch. In a comparison of consumpfciom a 
volume basis of gallons per I.H.P. hour the alcohol would approadh avia 
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closer to the petrol, for its specific gravity was 0-815f as compared with 
0*78 for the x)©trol. 

As a final example of the consumption loop type of diagram there 
is reproduced in fig. 79 a series of four curves for benzene at com- 



Fio. 79. Conaumption loops at four different compression 
ratios. Speed, 1,500 r.p.in. Fuel, pure benzene. 


pression ratios 4, 5, 6, and 7 to 1, from which the variation^ of both 
maximum power and efficiency with change of ratio can be read off. 
From the positions of the horizontal tangents to each curve, namely 
at 0*63, 0*46, 0*42, and 0*39 lb. per I.H.P. hour, and the effective 
heating value of the benzene, 9,735 C.H.U. per lb., the maximum 
thermal efficiencies of the engine at each ratio can be calculated and 
«ure as given in %. 62. 

t Tlw aloohol ocmtained 5 pet oeat. of water. 

Kk 
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Art. 59. Detonation and the ‘Octane Number* scale 

It has been emphasized already that perhaps the most important 
characteristic of a volatile liquid fuel is its behaviour in regard to 
detonation. Any statement of quality of a fuel must define its be¬ 
haviour in this respect. Hitherto in this book we have done so in terms 
of H.U.C.R. values, as defined in art. 29, and all the stated values have 
been those found in the Ricardo E. 35 engine under certain standard 
conditions. 

H.U.C.R. values found in this way enable us to place a range of 
fuels in a certain order of merit, but it by no means follows that any 
other engine, under different conditions, would operate satisfactorily 
with a certain spirit because its compression ratio was the same as 
the H.U.C.R. of the spirit as found in the E. 35. The compression 
ratio to avoid detonation would depend very much upon the speed, 
as well as upon a host of other factors. It does not even follow that 
the behaviour of a series of spirits in some other engine would repro¬ 
duce the order of merit of their H.U.C.R.s as found in the variable 
compression engine. 

It is very important, therefore, to devise some way of defining the 
quality of any fuel as regards detonation which does not relate only to 
one particular engine. It is important, too, that the checking of fuels 
should be able to be made in a test engine as simple and as cheap as 
possible, by comparatively unskilled testers, instead of one’s being 
dependent upon an elaborate and costly piece of research apparatus 
like the E. 35 variable compression engine. 

The first stage is to decide upon a scale of detonation which is, so 
far as possible, independent of any particular engine. Such a scale has 
been adopted in terms of two pure hydrocarbons, one of which is known 
to be very good as regards detonation, and the other very bad. The two 
substances chosen are Tso-octane’ and n-Heptane, first suggested by 
Dr. Graham Edgar,*® as the good and the bad partners respectively. 
These both comply with the first essential, namely, that they i^ould 
be obtainable in a state of, high purity, and they have the further 
important advantage that the volatilities of mixtures of the two are 
not very different from those of the petrols to be matched against them. 

Mixtures containing from zero to 100 per cent, of isoroctane in 
n-heptane vdll vary from something having very low anti-khook 
qualities to what is almost a non-detonating fuel. The anti^knoek 
quality, of any fuel, when compared with the standard, can be 
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defined by its ‘Octane Number’, that is to say, the percentage of iso¬ 
octane in the iso*octane-heptane mixture which exactly matches the 
fuel under test. 

This does not, of course, make the scale of detonation independent 
either of an engine or of the testing conditions, for what the Octane 
Number of the standard mixture may be when it is just matching 
some fuel under test will depend upon the design of engine used and the 
conditions of the test in regard to speed, cylinder temperature, air 
temperature, ignition advance, and mixture strength. 

It is, therefore, necessary, in conjunction with the scale of Octane 
Numbers to agree upon a standard test engine and conditions for the 
test. The ‘C.F.R. ’ test engine*® has been widely adopted by international 
agreement and except for some of the highest grades of aviation fuel 
it has proved very satisfactory. The best conditions to standardize 
for the test have been the subject of much discussion, and there is 
some difference of opinion in different countries; but this is a mere 
matter of detail which need not concern us here—^it vdll be referred to 
again in the next article. It is of interest, however, to give the correla¬ 
tion between the Octane Number scale and H.U.C.R. values as deter¬ 
mined in the E. 35 engine. Table 32 gives the H.U.C.R. values of 
a series of iso-octane-heptane blends determined in the standard 
manner, and the position in the scale of certain t 3 rpical classes of fuels. 


TABLE 32 

Correlation between Octane Numbers and H,V,C,E\ values in the 
E. 35 engine under standard conditions 


Fuel 

Octane Number 

H.U.CM. in 

E. 35 engine 


0 

3-75 

Inferior Automobile Spirit 

30 

4*5 


40 

4-76 


50 

50 

Average Automobile Spirit 

60 

5f3 


70 

5*7 

Aviation spirit ..... 

76 

5*95 


80 

6-2 

High duty aviation spirit 

85 

6-5 


90 

6*8 


The above correlation was obtained by direct observation upon iso- 
oetaue-heptane blends in the E. 35 engine. It does not follow that a 
of whieh the Octane Numb^ was, say, 75, when matched against 
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the standard fuel in a different test engine, would necessarily show ah 

H. U.C.R. of 5*95 when tested in the E. 35. It must be understood that 
the correspondence of Octane Numbers and H.U.C.R. values will be 
affected by the chemical and physical nature of the fuel, and by the 
conditions of test. That is why it is so important to have one standard 
type of engine and standard conditions of test, according to which a 
uniform scale of fuel rating may become general. 

For a description of the C.F.R. test engine and discussion of the con¬ 
ditions of test reference may be made to the original sources.^ 

Abt. 60. The effect of testing conditions on detonation. Methods 

of detection 

It is not intended to deal in detail with the testing conditions laid 
down for the grading of fuels, but only to set out certain characteristics 
of fuel behavioiu' and engine conditions which affect detonation and 
have to be allowed for when settling the test conditions, details of 
which can be found in the references given at the end of the last article. 

Since the influence of test conditions on detonation is most easily 
apprehended in terms of a change of H.U.C.B., this method will con¬ 
tinue t6 be used. As stated earlier, in art. 29, the figures for H.U.C.R. 
must always relate only to the particular engine on which the test was 
made. The following results refer in all cases to the Ricardo E. 35 
variable compression ratio engine. 

The compression ratio at which a fuel will begin to detonate will 
depend upon the speed of the engine, the fuel-air ratio, the ignition 
timing, the number and size of the valves, the design of the combustion 
space, and the amount of pre-heating given to the ingoing charge. 
Ricardo has given figures for a number of different fuels, as obtained 
on his E. 35 engine, under certain conditions. A selection from these 
Values, and from figures obtained by Callendar and his associates, has 
been given in table 12. All Ricardo’s detonation tests were made" at 

I, 500 r.p«m., with mixture strength and ignition advance adjusted so 
as to give maximum power, this being also, for most fuels, the mixture 
strength which shows the greatest readiness to detonate. A standard 
outlet temperature of 60° C. for the cylinder-cooling water was also 
adopted, and an amount of heat input to the carburetter equal to 36 
C.H.U. per minute of 0*024 C.H.U. per revolution. The standard 
ocmcUtiona adopted by Callendar and his associates,^ in thcdr ddrk on 
detonation, using the same design of engine, vme stmilari except ^ 
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in order to eliminate one variable and so to simplify the technique of the 
tests, they adopted a constant ignition advance of 30° befcnre the dead 
centre. Since all tests were at the same speed, the difference in the 
conditions as compared with Ricardo’s was unimportant. 

The question of mixture strength is important. This is illustrated 
in fig. 80, where the line AB shows how the H.U.C.R of a typical petrol 
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Fio. 80. The variation of H.U.C.H. with mixture strength for 
three different fuels. 


varies according to the mixture strength. The greatest readiness to 
detonate occurs at the maximum power mixture, 20 per cent. rich. 
Fuels containing metallic dopes, and the naphthene fuel cyclohexane, 
exhibit the peculiarity of detonating most readily on weaker mixtures. 
The variation of H.U.C.R. for cyclohexane is shown by the curve CD, 
and at EF is the relationship for the same petrol as that of the curve AB, 
but with 0*2 per cent, by volume of ethyl fiuid added (9 o.c. per gallon). 

Apart fi»m the cathode-ray indicator (referred to in arts. 30 and 55) 
and from simply listening for the characteristic metallic knock, three 
methods of detecting detonation have been developed. These aro the 
'bouncing pin’,*^ the maximum pressure indicator, and the ‘tempera¬ 
ture plug’. 

It was pointed out in Chapter IV that when detonation, occiue, 
. pressures may be developed locally far in excess of the normal maxi- 
, lU«Ua lueesures. These sharp rises of pressure we made use of in the 
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bouncing pin apparatus of Midgeley and Boyd to throw a heavy pin 
off its seat, so as to make contact at its other end with an easily deflected 
spring. The duration of contact with this spring is a rough meaeure of 
the original momentum of the pin, and this, in its turn, of the violence 
of the blow from the detonation wave which gave it the momentum.. 
A record of the number of contacts with the spring, and of the length of 
their duration, is obtained by the amount of gas produced in an 
electrolytic circuit which is closed by the contact. The apparatus 
works very well for comparing the violence and persistence of the 
detonation with two different fuels; its weakness lies in the fact that it 
is not satisfactory for detecting incipient detonation, because a certain 
violence of blow is necessary to displace the bouncing pin. It is very 
difficult, moreover, to maintain the adjustment of the various parts 
of the apparatus so that it reacts equally, from day to day, to similar 
degrees of detonation as judged by other methods. 

It is unquestionably important sometimes to have a more positive 
method of maintaining the same standard between one observer and 
another, as to what is incipient detonation \ than is possible when this 
is left to personal judgement of the noise of the characteristic knock, 
more especially when high-power and noisy aero*engines are in question. 
With these, incipient detonation may sometimes be accompanied by 
no clearly definable noise, and may only be detectable by what may he 
termed harsh running. A more satisfactory way of getting over the 
difficulty than by relying on auditory observation is by the use of an 
adaptation of the Farnborough indicator which was described in art. 65. 
If the indicator be connected in the normal way to the engine cylinder, 
and the balancing pressure is set to one, two, or three hundred pounds 
per sq. inch above the normal maximum pressure, then the incipient 
detonation will be marked by an occasional record of an excessive 
pressure, the frequency depending upon how much the balancing 
pressure exceeds the normal. A convenient form of this detonation 
indicator has been worked out in which, as the balancii^ pressure is 
gradually raised, its magnitude is indicated on the usual type of ^dial 
and pointer ’ pressure gauge. Every time the cylinder pressure exceeds 
the balancing premere a spark passes from the tip of the pressure gauge 
pointer on to the scale behind it. A standard of detonation is 
lished in terms of a certaiii number of spmrks per minute at seine, 
agreed value of the balancing pressure. 

The thirds teiuiperature plug^ method of detect^ detonetion depiSM^ 
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Upon the fact that as soon as detonation begins there is a »*ise of tempera¬ 
ture at the surface of the cylinder head. If a metal plug incorporating 
a platinum resistance thermometer or a thermocouple element is 
sqrewed into a sparking-plug hole, the temperature-rise indicative of 
incipient detonation can be observed before any knock can be heard. 

Opinions differ as to the convenience and reliability of the various 
methods, and, indeed, these differ according to circumstances. With the 
Ricardo E. 35 engine, which has been largely used for comparing H.U.C.R. 
values through its having been first in the field, the bouncing pin cannot 
be used for reasons of design; and, although the maximum pressure 
indicator could be used, auditory methods have been found more satis¬ 
factory, A skilful observer can rei>eat observations of H.U.C.R. with 
fair certainty by auditory methods to 0*05 of a ratio. An examina¬ 
tion of fig. 19 on p. 112 will show that this corresponds to an addition 
of about 2 per cent, of benzol, or 0-26 c.c. of tetra-ethyl-lead j)er gallon. 

A weakness of all three methods referred to above, and one from which 
the cathode-ray indicator does not suffer, is that the amount of the 
effect which is relied upon for indication, whether it is a rise of pressure 
or of temperature, depends very much upon the position of the indi¬ 
cating point in the cylinder. The sharp rises of pressure arid temperature 
associated with detonation are very local, and, if the indicating point is 
remote from the centre of disturbance, it may be impossible to get any 
useful indication at all. The cathode-ray indicator, giving as it does a 
true record of the pressure wave system which is typical of detonation, 
travelling to and fro across the cylinder head, should not be subject to 
the same drawback, and promises to provide a really satisfactory indi¬ 
cator of detonation when developed for this jiurpose. 

Art, 61. Combustion chamber efficiency 

It has already been explained in art. 41 that the real efficiency of a 
multi-cylinder engine, as a machine for turning heat into work, may 
be obscured by irregularity of fuel distribution to the cylinders, if the 
efficiency is calculated from the minimum fuel consumption per horse¬ 
power. A rough figure for the real efficiency of an engine, w hat w e may 
cafl its combustion chamber efficiency, can be found from measure¬ 
ments of the air consumption per horse-iK)wer, as explained in art. 42, 
owing to the fortunate circumstaiice that the complete combustion of 
one pound of air with the appropriate amount of any hydrocarbon 
fuel, very closely the same amount of heat, If ar engine uses 
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the air which it takes in economically, it is an efficient engine bo far 
as its cylinders are concerned, although these may have the misfortune 
to be tied on to an inefficient induction system; but if the cylinders 
do not use the air efficiently, no amount of skill or good luck with the 
induction system can make the engine efficient. 

The efficiency of a combustion chamber will depend first and fore¬ 
most upon its characteristics in regard to detonation. It was stated in 
Chapter IV that detonation, while primarily a fuel characteristic, was 
also affected by combustion chamber design. Two engines may behave 
very differently, even when using the same fuel at the same compression 
ratio, and the efficient design is that which allows the highest ratio to 
be used with any given fuel. Efficiency from this point of view will go 
with a compact shape, combined with sufficient but not too much turbu¬ 
lence ; and this in its turn will depend upon the size and arrangement 
of the inlet valves. 

The term ‘turbulence’ has been used repeatedly in this book, and 
the reader should by now have a fairly clear idea of what is meant, 
although no definition has been given. It is scarcely possible, unfortu¬ 
nately, to frame a satisfactory definition, because one cannot measure 
turbulence as such, but only the effects it produces^ When dealing with 
organized air swirl in the Bicardo type of sleeve-valve compression- 
ignition engine, in art. 39, figures were given for the rate of air swirl 
about the cylinder axis in terms of engine r.p.m. These figures were 
obtained from the readings of an anemometer placed in the cylinder 
head when the engine was motored round at various speeds. Admittedly, 
the anemometer readings would not give true speeds of air movement 
in the cylinder, but at least they provided figures which could be 
correlated consistently with the rate of burning when fuel was intro¬ 
duced into the cylinder. 

In a poppet-valve engine, or with a sleeve-valve when the air ports 
are not arranged tangentially, there must clearly be a great deal of 
irregular edd 3 dng motion of the gases in the cylinder at the end of the 
induction stroke, which dies down during compression. This eddying 
motion, or turbulence, is set up by, and must be roughly propor¬ 
tional to, the entering speed of the air charge through the inlet valves. 
In a given engine this gas velocity of entry will be propoi^nal to 
engine speed. Since the major part of the heat lost to^ tiie cylinder 
walls is by convection and conduction, the rate of loss of heat 
rouj^y prpportibnal to turt^Mioe, and therdfore to ei^gine^ 
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Compactness of general shape in the combustion chamber is impor¬ 
tant for the avoidance of pockets in which stagnant gas may collect 
and set up detonation; next in importance is adequate cooling of the 
exhaust valve seats, and so of the valves; and, finally, a placing of 
the sparking-plug or plugs so as to take advantage of the valve arrange¬ 
ment, and of the turbulence, peculiar to each design. A certain degree 
of turbulence is essential for promoting rapid combustion, scouring 
unbumt fuel from on or near the walls, and avoiding detonation due to 
stagnant pockets of gas. Experiments show that as turbulence is 
increased within certain limits, power output, thermal efficiency, and 
heat flow to the cylinder walls all increase simultaneously. That 
thermal efficiency and heat loss should increase at the same time sounds 
contradictory; but the explanation is that the greater turbulence 
ensures the rapid burning of a larger proportion of the fuel. With a low 
degree of turbulence quite an appreciable proportion of the fuel-air 
mixture may burn so slowly that its heat may only be developed late 
in the expansion stroke, and so may add merely to the heat carried 
away to waste through the exhaust valve. 

It is possible, on the other hand, to have too much turbulence, which 
will be detrimental to efficiency through its promoting heat loss to the 
cylinder walls and, probably more important, through its effect upon 
combustion. Excessive turbulence may produce harsh running, and it 
has even been found possible, with turbulence of the organized swirl 
type, to prevent combustion altogether. In fig. 81 are given two 
diagrams from the same engine with very different degrees of turbulence, 
the one normal, the other excessive. Under conditions of normal 
turbulence, and with ignition 28® before the dead centre, the pressure 
rises .steadily at the rate of about 17 lb. per sq. inch per degree of 
crankshaft revolution. With excessive turbulence, although ignition 
was retarded until 12^ before the dead centre, the rate of pressure rise 
was over 50 lb. per sq. inch per degree, and a very rough running engine 
of lower power output was the result. What, precisely, is meant by 
a ‘rough running’ engine is as difficult to define as the meaning of 
turbulence. It was said, in art. 39, when discussing combustion in the 
Diesel engine, that roughness is more easily apprehended from experi¬ 
ence of an engine on the test-bed than described in words, and this 
is equally true of the petrol engine. A rough running engine is noisy, 
without necessarily giving out any of the characteristic knock of detona¬ 
tion; there is also a certain amount of general vibration, unless the 
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engine is very soli^y mounted on the test-bed; and if the roughness be 
allowed to continue for long both the connecting-rod and main bearings 
will probably suffer. 

The desired smoothness of running and its relation to turbulence is 
a point of great importance. Apart from the average rate of pressure- 
rise, smoothn^ appears to depend particularly, in some designs at 



Fio. 81 . Indicator diagrams showing the influence of air turbulence 
in the cylinder upon rate of combustion in a petrol engine. 


any rate, upon the rate of rise at the very beginning of combustion. 
Fig. 82 shows a eross-section, and a plan view, of the lUcardo design 
of ‘turbulent head’. The aim of this design is to get over the difficulty 
that in a poppet-valve engine, when side-by-side valves are used, it is 
impossible to obtain enough turbulence at the end of the oominresaum 
stroke, if the turbulence be derived from the entering velocity of the 
gases alone. In the Ricardo head there is a restricted passage between 
the swept volunae of the piston and the combustion space proper, whidi 
suxToimds the valves. During the compression stroke, and espeeially 
during the last stages when ignition occurs, air is forced throui^ the 
restricted passage from the cylindw barrel into the combustion quipe, 
whme it creates a vigorous turbulence just at the moment when it is 
required. In some hiteresting experiments** with (me of tlMee.t(Brbn|eut 
heads, .the effect was extdored of varying the clsMlanoe, * 4 * in fig. 82 
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between the cylinder head and the top of the piston when at the dead 
centre. The sparking-plug was over the piston in the position indicated. 
In fig. 83 are shown the two indicator diagrams obtained with lURTiTninn 
and minim u m values of the clearance d, the compression ratio being 
arranged to be the same in each case. It will be noticed that although 
the rate of pressure-rise above 200 lb. per sq. inch is identical in the 



two diagrams, the way in which it gets going is very different. The 
beginning of the pressure-rise is longer delayed and much more sudden 
with the small clearance. This is, no doubt, because in these conditions 
the flame spreads at first less rapidly from the sparking-plug, owing to 
the proximity of the comparatively cool cylinder head, and the thin 
layer of burning gas. During the last tenth of an inch of movement of 
the pistem, a fan of burning gas is projected at high velocity into the 
rest of the combustion space. The consequent very rapid initiation of 
combustion throughout the bulk of the mixture produced a very 
xou^ running engine; while with the larger head clearance of 0-272 
hioh tile engine was noticeably smooth, altbouj^h the compression ratio 
and maximum pressure were the same as before. 

The results of ^ese experiments upon a spedal t 3 rpe of cylinder head 
are of liraited appHcability, but have l^n quoted as illustrating the 
im|»drtaat practical point that roughness of running is a feature which 
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depends upon the rate of pressure-rise, and more especially upon the 
rate of rise just at the beginning, before or just after the dead centre. 
Roughness of running can be controlled, therefore, when all the factors 
controlling the rate of combustion are properly understood. 

In a compact combustion chamber, without the peculiar features 
of those illustrated in fig. 82, turbulence during combustion will, apart 



Fio. 83. Indicator diagrams showing the effect of a variation 
of the head clearance in a Ricardo turbulent head. 

from engine speed, depend upon the size of the inlet valves and their 
relation to the shape of the cylinder head. An arrangement of valves 
which gives to the air upon entry an organized swirl, as distinct from 
miscellaneous eddying motion, will enable the air movement to persist 
throughout the compression period and assist combustion after passage 
of the spark. Whether or not such an organized air movement is 
achieved, a well-designed cylinder head in which air movement is hpt 
impeded, and which has a low surface-to-volume ratio, will give 
improved efficiency through not allowing unbumt mixture to ha^ 
about neeur the cool walls and so escape oombusticm. 

Increase of speed will have the dual efitect upon turbulence of inoieii^^ 
ing title inithd gas velo^y through the valves, and iiedudng tlto time 
during whidh the initial turbulmice can die down. The ihPrease^ 
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detonation at low speeds, which is common to all engines, is partly due 
to the corresponding reduction of turbulence, for then the conditions 
outlined above are reversed. At low speeds there is more likelihood 
that stagnant pockets of gas may collect near the exhaust valves, and 
thus provide the very conditions to promote detonation, more especially 
if the exhaust valve is placed in a side pocket of the combustion space, 
and is not well cooled. 

Art. 62. Analysis of mechanical and pumping losses 

It has been stated in art. 55 that the indicator cannot be regarded 
as an accurate instrument for determining indicated horse-power. We 
are driven back, therefore, upon a measurement of B.H.P. and of lost 
horse-power,t and upon adding the two together, to find the I.H.P. 
Since it is impossible to measure the losses while the engine is running 
under load, it becomes important to estimate how nearly the horse¬ 
power needed to motor the engine round gives an accurate measure of 
the losses, both at full load and at less than full load. 

It is essential, in the first place, to make the motoring test imme¬ 
diately after running under power. Of the total lost power, nearly 60 
per cent, is due to piston friction and any alteration, either of cylinder 
wall temperature or of the condition of the lubricating oil, from those 
which obtain under normal working conditions may introduce appre¬ 
ciable errors. When running under power the oily surface on the 
cylinder walls becomes contaminated, and it is found that after a few 
minutes motoring the clean oil thrown up from the connecting-rod big- 
ends leads to a drop in the friction losses below the full power value. 
Apart from this gradual change of piston lubrication, there will be a 
reduction in the friction loss at the piston immediately an engine stops 
firing, on account of the reduced gas pressure and side thrust; Fortu¬ 
nately, this reduction in the friction loss is just about compensated by a 
simultaneous increase in the pumping loss, by which is meant the power 
required to get the working substance into, and out of, the cylinder. 
This pumping loss will he different when an engine is being motored 
from when running under its own power, because of the very different 
pressure in the cylinder at the moment the exhaust valve ojpens. When 
it is bdmg motored there will be none of the momentum effect referred 

t The tiorm lost* horse<power i« here need to repiesent die dilferenoe between the 
brails horee-liowet and the indihated horse^power, as this would be measured by the 
perfect indioator if such a t^ng existod. 
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to in arts. 11 and 57. In fig. 84 are shown two light spring diagrams 
for the exhaust and suction strokes taken from the same engine running 
at the same speed of 2,000 r.p.m. The dotted line diagram shows the 
pressures when running under its own power at a B.M.E.P. of 90 lb. 
per sq. inch, find the full line diagram the pressure when it was being 
motored. The depression' of the cylinder pressure below atmospheric 
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Fio. 84. Light spring indicator diagrams from a single>cylinder Diesel engine, 
exhaust and suction strokes, when motored and when under power and giving 
a B.M.EJP. 90 lb. per sq. inch. 

during the suction stroke depended only upon the mean gas velocity 
through the inlet valves, which in this engine was 125 feet per second at 
2,000 r.p.m. The depression was ther^ore the same under the two 
conditions of the diagrams. The average excess of pressure in the 
(^linder during the exhaust stroke, however, which is a measure of tlm 
work done in ejecting the used gases from the cylinder, is, when under 
its own power, reduced practically to zero, as compared with 3*6 lb. 
per sq. inch when it was being motored round. The reason for this, 
as exidained earli^, is that under the'pressure of 50 lb. per sq. indi or 
so in the cylinder when the exhaust valve opens, the first blast of escap¬ 
ing getfee acquires considoabto momentum which assists the outflow 
of ihelimnainder. During the middle part of the stroke, while the v^Nre 
WM hdUy :op<^, the pressure in the'cyUhder drof^ed to wdll Wow 
atmospheito, and the dia^g^m ehows tlmt eidtoW gas uw 
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being sucked out of the cylinder. When motoring, on the other hand, 
the ejection of the exhaust gas depends wholly upon the motion of the 
piston, and the pressure given by the full line curve is the result. 

Since any one test will be done at constant speed, it is convenient to 
express all the various losses in terms of a mean efEective pressure per 
working stroke of the piston. From fig. 84 the combined pumping loss 
during the exhaust and suction strokes can be directly measured as 7-5 lb. 
per sq. inch when motoring, and 4-0 lb. per sq. inch under power. 

A minimum figure for the mechanical friction loss of an engine may 
be obtained by motoring it with cylinder heads removed, if that is 
possible. Owing to the gas loading during compression the friction 
under normal conditions of motoring will be slightly greater than the 
minimum so found, although itself less than the friction when under 
power. The difference betweea the total motoring loss, and the sum of 
the pumping and the minimum friction loss, is made up of the extra 
friction loss due to gas pressure when motoring, and the leakage and 
heat loss during compression and expansion. Leakage may take place 
past the piston or past the valves. It may be serious in an engine due 
for overhaul, but in a well-tuned, high-^speed engine it should be negli¬ 
gible. The effect of leakage and heat loss is, of course, to make the 
work recovered by expansion less than the work of the compression 
stroke. The amount of the heat loss becomes important in certain 
designs of high-compression injection engines, but for compression 
ratios up to. 7:1 it is small and, as already stated, the increase of the 
friction loss under load is just about compensated for by the decrease 
of the pumping loss, so that it may be taken that the power required 
to motor a petrol engine immediately after running at full load gives, 
when added to the as accurate a figure for the I.H.P. as can 

at present be obtained. 

The truth of this generalization, and the proportions in which the 
various factors contribute to tjie observed power required for motoring, 
must necessarily depend to some extent upon the particular engine 
and the speed; for the pumping loss will depend upon the mean valve 
areas, as well as upon speed, and the friction will depend upbn the 
weight and design of the pistons. It may, however, be useful to give 
some typical figures, first for a petrol, and then for a high-compression 
injection engine. ' 

Taking as an example of the former the kind of fiiguies to be expected 
frpin a high-speed petrol engine of compressiott ratio about 
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this should give a B.M.E.P. of 125 lb. per sq. inch at full load, and at 
the normal speed of, say, 2,000 r.p.m.; and when motored under the 
same conditions of si^eed, temi>erature, etc., the power absorbed would 
be equivalent to about 18 lb. per sq. inch M.E.P. Fig. 85 shows the 
probable subdivision of the losses at full load between speeds of 1,000 
and 2,000 r.p.m., expressed as M.E.P. on the pistons. When motoring. 



0 1000 1500 2000 

Fig. 85. Approximate subdivision of losses in a high duty petrol engine. 


the pumping loss at 2,000 r.p.m. was probably 2 or 3 lb. per sq. inch 
greater, and the friction loss less by the same amount. 

In vol. II of this book a large amount of data upon friction and pump¬ 
ing losses in various types of aero-engine has been collected together, 
and an analysis made of the dependence of the losses upon speed, 
throttle opening, and other factors. For further information reference 
should therefore be made to vol. II. , 

In the high compression ratio injection engine conditions are different 
from the petrol engine in two respects. In the first place, the heat 
loss during compression and expansion at the high ratios may make 
the power taken in a motoring test considerably greater than the lost 
horse-^w^ at full/ load; and secondly, under reduced loads the air 
may not be throttled and the pumping loss may remain therefore 
sulmtaittiaBy con^nt. There may be a slight increase of piimping loss 
on the eithaust stroke, owing to less momentum in the exhaust 
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but this increase is not more than 10 per cent- of the full load pumping 
loss even when running light. Friction loss will decrease with the load, 
and since there may be no compensating increase in the pumping loss, 
as there is in a throttled engine, the total lost horse-power, instead of 
increasing, may be expected to decrease somewhat with the load. 
There appears to be a substantial difference, in regard to power 



Fig. 86* Subdivision of the power required to motor round 
a single-cylinder sleeve-valve Diesel engine at different speeds. 
CSompreesion ratio, 14:1. 


absorbed while motoring, between high-compression engines of the 
sleeve-valve, those of the poppet-valve types. As a quantitative 
example of a sleeve-valve engine we may quote an analysis made by 
Bicaido of the losses in the single-cylinder engine, of compression 
ratio 14:1, upon which the diagrams of fig. 84 were obtained. 

For that angina fig. 86 gives the actually measured motoring loss 
between speeds of 1,000 and 2,200 r.p.m., with the estimated sub¬ 
division into compression and expansion loss, friction, and pumping. 
At 2,000 r.p.m. the total motoring loss was equivalent to 33 lb. per 
sq. inch M.E.P. Of this Bicardo estimates that 6>5 lb. per sq.. inch 
corresponded to heat loss on compression-expansicm, and should not 
t^ierefore be .counted as part of that which has to be added to the 
BJd.£.P. tq give the I.M.E.P. The remaining 26'6 lb. per sq. inch was 
made up, while motoring, as foUows: 



. 7<5 lb. per sq. inch. 

, . 17-6-1-1-6 = 19 lb. per sq. inch. 

Mm 


• 
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Of llie two parts of the friction loss the first was the actually measured 
friction loss with no gas pressure, and the second the estimated increase 
due to compression pressure. The pumping loss of 7*6 lb. per sq. inch 
was measured, while motoring, by means of light spring diagrams; 
and a similar measurement made under power conditions showed that 
it was then reduced to 4*0 lb. per sq. inch by elimination of the exhaust 
stroke part. An allowance for extra friction under power conditions, 
due to higher gas pressures, has to be made, and this Ricardo fixes at 
1 lb. per sq. inch. We therefore have the figures of table 33 for the 
probable subdivision of the lost power for the two conditions of motoring 
and running under full power, both at 2,000 r.p.m. 


TABLE 33 

Probable aubdiviaion of motoring and fall load loaaea for aingle-eylinder 
Diead engine of compreaaion ratio 14; lata speed of 2,000 r.p.m. 



Moiorinff 

Under power 

Pumping ..... 

Friction without gaa pressure . 
Allowance for gas pressure 
Compression-expansion loss 

lb. per sq. inch 

7*5 (measured) 

17*5 (measured) 

1*5 (estimated) 

6*6 (by difference) 

lb. per sq. inch 

4*0 (measured) 

17*5 (measured) 

2*5 (estimated) 

Total 

33*0 (measured) 

24*0 (estimated) 


According to these figures of table 33, one estimates the motoring 
loss in a sleeve-valve engine, expressed as mean effective pressure, to 
be greater by 9’lb. per sq. inch at 2,000 r.p.m. than the difference 
between the B.M.E.P. and I.M.E.P. at full load at the same speed. 
A6 contrasted with this result, figures obtained when motoring a multi¬ 
cylinder poppet-valve engine, first as a petrol engine of compression 
ratio idmnt 5:1, and then with the compression raised to about 14:1 
showed an increase in the lost M.E.P. at 2,000 r.p.m. of tody about 
1 lb. per sq. inch. Thu result is confirmed, moreover, by otiiers obtained 
upon the single-i^linder poppet-valve engine referred to in art. 82. 
At tiw eod of that article it was mentioned that the engine, had also 
been calibrated as' a petrol engine of compression ratb 4*84:1. I3ie 
BK)t(»ing loeses of that engine at its hi^ ccnnpiession ratio, 12:1, were 
found to allow an increase of only 0*5 lb. per sq.. inch at the ncnmal fhfi. 
rqteed, 1,200 r.p.m., over the losses at.the low oominession ratio. 

Tlie small effect of raimng tlm ooni^esdoin ratio upon the mOtoiing:: 
losses in these two poppet-valve engines, as compared t^ Ipqjp’ 
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difference observed by Ricardo on sleeve-valve engines, must be put 
down to heat loss during compression and expansion which is, no 
doubt, largely accelerated by the organized air swirl as well as by the 
form of the cylinder head. Nevertheless, the difference observed 
between the two types is surprisingly large. 

Under reduced loads the pumping loss in either type of engine, 
for the reason already noticed, will be constant or will show a very slight 
increase. In the sleeve-valve engine it rose at 2,000 r.p.m. from 4-0 
to 4-3 lb. per sq. inch between 90 and zero B.M.E.P. The friction loss 
when the B.M.E.P. is zero, that is, when the engine is running light, 
must drop to something not very different from its value under motor¬ 
ing conditions. The difference of friction between full load and motoring 
has been given above as 1 lb. per sq. inch, and therefore, from full 
load (90 B.M.E.P.) to no load at 2,000 r.p.m. the decrease of lost power 
may be taken to be of the same order. At other speeds the probable 
subdivision of losses can be estimated from fig. 86 and table 33. Actual 
figures can do no more, in any case, than illustrate the general principles 
which should govern an estimate of the losses in any particular engine. 
As already pointed out, the actual figures for an individual engine 
must always be governed by the design. 

I 

Art. 63. Analysis of heat losses 

We have hitherto regarded a high thermal efficiency as being a 
desirable feature in an engine only because it means a low fuel con¬ 
sumption per horse-power. There is, however, another and even more 
important reason why it is a good thing. An engine of a given size and 
speed requires a definite maximum quantity of air in order tc3 develop 
its full power, and from the combustion of this air a certain amount of 
heat is developed. The engine turns a fraction of this heat into work, 
and all the heat that it fails to convert is, as Ricardo has expressively 
put it, ‘left over to make trouble’. It is certainly true to say that the 
majority of breakdowns among high-duty engines can be traced, directly 
or indirectly, to a failure to meet the very severe conditions of heat flow 
which are created by the necessity of getting rid of the waste heat 
which the engine has failed to convert into work. Failures traceable 
(Erectly to excessive heat flow are seized and burnt pistons, cracked 
cylinders, pitted and burnt valves, and distorted valve seats; while 
most fealures of lubrication may be traced indirectly to exoesmve tem¬ 
peratures which lead to contamination of the oil by sludge and carbon, 
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and so to choked oil ways and bearing failures. These failures are all 
caused by the 70 to 80 per cent, of waste heat which is not converted 
into work. It might, at first sight, be supposed that whether this waste 
aipounted to 70 per cent, or 80 per cent, of the whole heat supply 
would not make all the difference between a reliable and an unreliable 
engine. But consider two engines of the same size which are receiving 
the same amount of heat per minute. If the brake thermal efficiency 
of one is 20 per cent, and of the other 30 per cent., not only is the 
waste heat of the efficient one less by 12| per cent., but its full power 
output is 50 per cent, greater. It follows therefore that to get the same 
power output from these two engines of the same size, we need only to 
run the efficient one at two-thirds of its full power and therefore with 
f X 87*5 = 58 per cent, of the waste heat. In other words, for the same 
power output, the inefficient engine has nearly twice the waste heat 
to be safely got rid of, and a vastly greater liability to breakdown. 
Ricardo has stated that, of the very many engines which pass through 
his hands during a year for test, it is in every case the efficient engines 
which stand up successfully to arduous endurance tests, and that all 
the common troubles of dirty oil, gummed up piston rings, and burnt- 
out valves, are consistently associated with the inefficient engines. 
It cannot be too strongly emphasized that the value of a high efficiency 
is not that of saving a few shillings’ worth of fuel, so much as saving 
many pounds’ worth of repairs or redesign; for the whole reliability and 
ultimately the cost of maintenance of an engine is bound up with the 
question of its inherent efficiency. 

In order to understand the problem of dealing with the waste heat it' 
is necessary to follow the history of the heat supply from the moment 
of its generation by combustion in the cylinder. The portions of this 
which can be directly measured are the portion which is converted 
into useful vrork on the piston, and that which is carried away by the 
cylinder jacket water. For this reason a first, simple, analysis of the 
heat supply is often given in the form shown in table 34, of which the 
figures are typical for a single-cylinder engine of compression ratio 
5:1, and a speed 1,500 r.p.m. 

The figures of table 34 are typical for a single-cyliqder ^t engine 
at a particular spe^, fu^l-air mixture, and compression ratio; tihey 
must not be read as being generally applicable. The p n )pqirt^ of 
heat passing to the cyUnder jacket in any pai^i^ar en^e 
depend very much upon how much water-cook^ surface thm 
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TABLE 34 


Typical heat balance-sheet for an engine of compression ratio 5 

Heat to I.H.P. 

31 5 per cent. 

M jacket cooling water . 

28-5 

„ exhaust, radiation, etc. 

400 

Total .... 

100*0 


beyond the exhaust valve, and upon the speed; and it will be different 
at different fuel-air mixtures and compression ratios. In a multi-cylinder 
engine it will, in general, be less than in a single-cylinder test engine 
under the same conditions. This is due to the close grouping of the 
cylinders and their exhaust systems, which may lead to a smaller area 
of water-cooled surface per cylinder being beyond the exhaust valves. 

Gibson*^ has given figures for the fraction of the total heat generated 
which finds its way to the cooling-water jackets in a number of different 
designs of aero-engines, and in some others. In these results the heat 
to the jackets per minute has been expressed as a fraction of the brake 
horse-power. At 1,500 r.pm. and a compression ratio of 5:1 the 
fraction varied between 0*8 and 0*9 in the different designs. In only 
one engine did the heat to the jackets substantially exceed the B.H.P. 
This was not an aero-engine but a low compression automobile engine of 
ratio 4*2:1, with an L-shaped cylinder head. In that engine at 1,500 
r.p.m, the ratio to the B.H.P. was about 1*5. Gibson also gives figures 
from two air-cooled single aero-engine-cylinder test engines, of com¬ 
pression ratio 4*6:1, in which the ratio to the B.H.P. of the heat 
passing to the cylinder walls was 1*1. 

In all the multi-cylinder aero-engines the I.H.P. must have been 
10-15 per cent, greater than the B.H.P., so that the heat to the jackets, 
never more than about 0*9 of the B.H.P., was not more than 0*8 of the 
I.H.P. The engines tested by Gibson date between 1916 and 1919, and 
in a modem high-speed, high-compression engine the heat to the cooling 
water would be substantially less. Further data on this point are given 
in vol. II. As explained in art. 49, and in somewhat more detail below, 
these differences in heat loss to the cylinder walls may be expected to 
have only a n^ligible effect upon the thermal efficiency. The beat 
which doM not reach the cooling water will nearly all go to swell the 
proportiem of waste heat discharged with the exhaust gas. 

In all aero-engines, and to a less extent in automobiles, there is a 
fair amount of heat carried off direct from the engine by the air 
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stream over it, which does not therefore have to be dissipated by the 
radiator. An engine which passed an amount of heat to the cooling 
water equal to 60 per cent, of the when running on the test¬ 

bed and well enclosed, would only need a radiator capable of dealing 
with about 52 per cent, of the B.H.P. if the engine were tested in a 
wind of 60 miles per hour; and for less or greater wind speeds, roughly 
in proportion. 

Turning now to the dependence of jacket heat loss upon speed and 
compression ratio, Gibson’s .figures show a small but consistent reduc¬ 
tion of the ratio of this loss to the B.H.P. with increase of speed. The 
diminution is very nearly 1-6 per cent, per 100 r.p.m. Thus in an 
8-oylinder V-type aero-engine the ratio dropped from 0-93 to 0*86 for 
an increase of speed from 1,000 to 1,600 r.p.m., corresponding to an 
increase of B.H.P. from 107 to 168. As previously explained, this 
comparatively slight decrease in heat lost from the working fluid per 
cycle follows from the fact tha| the shortened duration of each cycle 
is compensated for by the increased gas turbulence, and rote of heat 
loss; because gas velocities increase in proportion to engine speed. 

As regards the effect of compression ratio, Gibson’s results show a 
quite regular drop in the same fraction as before from 0*83 to 0*69 
for a series of ratios 4*5, 5*0, 5*5, and 6 to 1, all the tests being at 1,600 
r.p.m. The reduction of heat to the cooling water at the higher ratios 
will be chiefly in that part lost during the exhaust stroke. The higher 
the ratio of expansion, the more efficient will be the cycle, and therefore 
the cooler the working fluid when the exhaust valve opens. 

It is the higher temperature of the exhaust gases, also, which may 
cause some increase in the proportion of heat to the cooling water whoa 
the mixture is excessively weak. "Plie burning becomes slow and 
irregular when the fuel-air ratio is less than 80 per cenfi. of the correct 
one; so that combustion may continue throughout the expansion stroke, 
thus leading to a very inefficient cycle and to too much heat remaining 
unconverted into mechariicad work when the exhaust valve opoos. 

The same conditions lead to overheated exhaust valves, and for tiie 
same reason; and when mixture weakness becomes excessive, so that 
burning continues even during the exhaust stroke until the inlet valve 
opens, ignition of the incoming charge leads to the familiar ‘po^-ha^’ 
through the carburetter. . 

Ww the pnctlcal problem of designing ap ai&quate A > 

^ven rite of es^ine the usefril %ore is that g^vm above, whiehetiW^^ 
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the heat to be dealt with per minute as a fraction of the B.H.P. For 
a thermodynamic analysis of engine performance, on the other hand, 
it is rather the indicated horse-power we should consider, for we are 
concerned only with the conversion and loss of heat in the cylinders 
themselves. The cylinders might be extremely efficient, and yet the 
whole engine might show a very poor brake thermal efficiency if the 
power actually available at the shaft were reduced by large friction 
losses in bearings, and in driving auxiliaries such as oil and water pumps. 
The existence of these losses would, of course, be shown up in the motor¬ 
ing test (see art. 54) and would be allowed for in arriving at the I.H.P. 

In pursuing our discussion of what becomes of the heat generated 
by combustion every cycle we shall therefore start from the simple 
form of analysis given in table 34. The last line of that table, showing 
the quantity of heat wasted with the exhaust and by radiation, was 
obtained by subtraction of the other two items from the total, and 
this makes the table as it stands incorrect, for a reason now to be 
explained. Suppose the first line had shown the heat equivalent of the 
B.H.P. instead of the I.H.P., then the figure obtained by subtraction 
for the exhaust and radiation loss would have been increased by the 
difference between the indicated and the brake horse-power, although 
in point of fact most of the piston fnction loss takes the form of heat 
carried away by the jacket water and must have been already included, 
therefore, in item 2 of the table. 

K we put down the I.H.P. as an item in the heat balance-sheet, 
then, since part of the difference between the I.H.P. and B.H.P. leaves 
the engine as heat, the sum of the quantities in table 34 ought to add 
up to more than the total heat supply from the fuel per minute, by 
the heat equivalent of the pow^r absorbed in piston friction. 

About 40 per cent, of the total lost power is either pumping loss, or 
is radiated as fidction heat from the bearings, and cannot be measured 
in any case. The only part of it for which a correction is important is 
the piston friction, lest this should be included twice over in the balance- 
sheet. To avoid this we ought, for strict accuracy when using the 
to subtract from the measured heat to the jackets that part of 
the lost power which is derived from jnston friction, because in the 
nieidianioaUy perfect engine from which the whole I.H.P, would be 
avajlable At the shaft the heat to the jackets would be so reduced. 

In practice we are only interested in the I.H.P. and in the heat 
which actually passes to the jackets. We are also interested in the 
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relationship of these two to the total heat supply, and to one another, 
but we are not really interested in the last item of table 34, and the 
error explained above is not important provided its existence and 
magnitude are understood. Piston friction loss accounts for about 
60 per cent, of the whole mechanical loss in an average engine. It 
amounts, therefore, to about 6 per cent, of the I.H.P. or, say, 2 per 
cent, of the whole heat supply per minute. 

Since we are vitally interested only in the first two items of table 34 
it will be simpler and more convenient to retain the analysis in that 
form, while recognizing its slight inconsistency. The important thing 
to grasp about the relationship between I.H.P. and heat loss to the 
cylinder walls is the point already made in art. 49, namely, that even 
if it were possible to run an engine under truly adiabatic conditions in 
which this loss to the cylinder walls was entirely suppressed, that 
would only mean an increase in the heat to I.H.P. of some 4 per cent, 
of the total. The reason for this may be considered under two separate 
headings. 

(1) About half of the 28*5 per cent, loss to the cooling water shown in 
table 34 (13*5 per cent, according to table 37) is given up to the 
cylinder walls and exhaust ports by the hot gases after the exhaust 
valve has opened, and the suppression of the whole of this would 
merely have added to the exhaust loss without affecting the power 
in any way. 

(2) Of the heat which is lost to the cylinder walls before the opening 
of the exhaust valve, something like 10 per cent, of the total heat 
is lost during expansion, much of it during the later stages when 
the area of exposed surface is large. Only a very small part of this 
heat which is lost late on the expansion stroke could in any case 
have been converted into work, since the available expansion ratio 
remaining would have been so small. 

Of the remaining 6 per cent., which may be taken as lost before any 
appreciable expansion has occurred, and which would, therefore, have 
been all available for conversion at the efficiency corresponding to an 
expansion in the ratio 5:1, the work equivalent would have been 
0-4x5 2-Opercent.ofthe total heat; 40 per cent, being the efficiency 
of expansion alone in the ratio 5:1, when nothing has to be subtracted 
on account of negative work done during compression* 

If we assume that the effective effioimicy of conversion of Hie heat 
lost during expansion would have been, on the average, half as inudi. 



VII, 63] ANALYSIS OF HEAT LOSSES S73 , 

TABLE 35 

HeKU bala7ice-8heet for an engine of compreadon ratio if all heat loss 

were suppressed 

Heat to LH.P. 08 given in table 34 with heat losses . . . 31*5 

addition for 6 per cent, saved during combustion and converted at 


40 per cent, efficiency ....... 2*0 

addition for 10 per cent, saved during expansion and converted at 

an average efficiency 20 per cent. . . . .2*0 

Total heat to I.H.P. . . . . . 35*5 per cent. 

Heat to jacket water ...... /nil 

Heat to exhaust ....... 64*5 per cent. 


as this, or 20 per cent., then the new heat balance-sheet for adiabatic 
working may be drawn up as in table 35, which shows, as anticipated 
above, an increase of only 4 per cent, in the heat to I.H.P. over that 
of table 34, 

It has been stated that in an engine of compreasion ratio 5:1 and 
indicated thermal efficiency 31-5 per cent., it may be taken that 5 per cent, 
of the fuel heat is lost to the cylinder walls and piston during combustion, 
10 per cent, during expansion, and 13*5 per cent, during the exhaust 
period; and something must be added in justification of these figures. 

The total time occupied by combustion, expansion, and exhaust 
may be fixed with fair accuracy as 380® of crank revolution. This 
period is taken as extending from 10® before the dead centre, when 
combustion is well started, to 10® after the end of the exhaust stroke, 
by which time the exhaust valve, with a normal valve timing, would 
be closed: We may, somewhat arbitrarily but with all the accuracy 
reqiiiied, divide up the period into 30® for the combustion at nearly 
constant volume, 130® for expansion, and 220® for the exhaust period. 
Durij^ the combustion period the gases are at a very high pressure and 
temperature, and in a state of violent turbulence. The rate of loss of 
heat by convection per unit area of surface will be high, and will be 
aided by radiation loss. The area of exposed metal surface, however, 
for an engine of 5:1 compression ratio will be only about one-third of 
the area at the end of the stroke, or one-half of the average area during 
the expansion and exhaust periods. 

Ko reliable measurements of the heat loss by radiation from the 
hot gases in an engine cylinder while in operation have so far been made, 
but one can argue indirectly that the Ibss from this oaui^e cannot be 
important. Such a loss would all be concentrated at the beginning of 
espanshm stroke (being proportional to the fourUi power of the 

Nn. , 
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absolute temperature) and would be inversely proportional to engine 
speed. Referring to table 30 (p. 205), a loss of 4 per cent, of the fuel heat 
at 975 r.p.m. would be reduced to 2*3 per cent, at 1,700, and this 
would mean an increase of heat to I.H.P. of 1-7 x 0*35 = 0-6 per cent., 
since the whole of the saving would be available for conversion at 
about 35 per cent. eflBlciency by expansion in the ratio 8-8:1, with 
no deduction for negative work of compression. According to table 
30, however, the increase of heat to I.H.P. for this increase of speed 
was only 0-2 per cent., so that if we assume the whole of the increase 
to have been due to reduced radiation loss, this leads to an approxi¬ 
mate figure of 1 per cent, of the total fuel heat as the radiation loss at 
1,000 r.p.m., dropping to 0-5 per cent, at 2,000 r.p.m. 

According to Burstall’s results for an engine of compression ratio 
5:1, given in fig. 59, an increase of speed from 1,200 to 1,800 r.p.m. 
gave an increase of thermal efficiency from 0-32 to 0*328. If we again 
assume this to have been due entirely to a reduction of radiation loss 
we arrive at 0*008 ~ 0-4 = 0-02 as the increase in the percentage of 
total heat supply per cycle which was available for conversion at the 
higher speed. These experiments were made at the correct coal gas-air 
mixture, of ratio 1:4*1, for which the maximum temperature and 
radiation loss would be less than in a petrol engine, but the figures 
confirm that the loss by radiation must be comparatively insignificant. 

During the exhaust period the gases are at a comparatively low 
temperature, say 800° C. to 1,000° C., but they are again in a state 
of vigorous turbulence. More especially is this so in the neighbourhood 
of the exhaust valve, where there will also be a vigorous scrubbing action 
and rapid loss of heat to some metal surfaces beyond the valve, which 
are always included within the water-jacketed portion of the cylind^. 

Some interesting experiments have been made by Ricardo upon an 
engine in which separate cooling water was supplied to the cylinder 
head and cylinder barrel. Since it was a sleeve-valve cylinder, the 
exhaust valves and ports were located round the cylinder barrd^ and 
heat flow to the cylinder head, therefore, was not complicated by heat 
given up by the hot exhaust gas during efflux from the oyhnder. 

On the other hand, the cylinder head was in the form of a deep 
cone, and. very well cooled, the water outlet temperature beh% kept 
at 50^ 0. throughout^ The proportion of hmt carried away from 
head was therefore probably rather larger than would nofhmliy he 
the case, apart from that beyond tiie exhaust valve. 
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In these experiments the distribution of heat was as shown in table 
36, the heat to exhaust, radiation, etc. being found by difference. 

TABLE 36 

Distribution of heat supply in a sleeve-valve engine of compression ratio 
4-3:1 at 1,500 r.p.m. Separate cooliv/g water supply to cylinder head 

and barrel 


Heat to I.H.P. ..... 

29’4 per cent. 

„ cylinder head .... 

4-8 

„ cylinder barrel .... 

16*7 

y. exhaust (by difference) 

49*1 

Total .... 

j 1000 


The compression ratio was 4*3:1 and the thermal efficiency was there¬ 
fore rather lower than that given in table 34 as being typical for an 
engine of ratio 5:1. In this special engine the length of water-cooled 
passage outside the exhaiist ports was reduced to an absolute minimum, 
and the diminished amount of heat given up to the jackets by the 
issuing exhaust gas is reflected in the reduced proportion of heat to the 
cooling water, 21-5 per cent. only, in spite of the low water temperature. 

There must still have been some heat given up by the hot gases to the 
cooling water beyond the exhaust valve, but less than in the normal 
design of poppet-valve engine with valves in the cylinder head. In 
this latter type the amount of heat given up beyond the valve must 
vary within wide limits according to the design of engine, and one can 
do no more than suggest an average figure: 4 per cent, of the total heat 
supply appears to be a reasonable figure. 

A suggested subdivision of the heat to the cooling water, 28*5 per . 
cent., given in table 34 may now be made, and is set out in table 37; 


TABLE 37 

Approximate distribution of heat supply in a poppet-valve engine of 

compression ratio 5:1 


Heat to I.H.P. ........ 

31‘6 per cent. 

Heat to coolitig water 


{a) from cylinder head during combustion ., . . 

4*0 

(6) „ „ „ „ expansion 

4*0 

(c) „ „ „ exhaust .... 

3*6 

{d) „ ,, beyond exhaust valve 

4*0 

{e) it »• baml during expansion 

7*0 

(/) „ „ „ „ exhaust ... 

6-0 


2S-5 2S-5 per cent. 

Hast to exhaust, radiation, etc.. 

40*0 per cent. 
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figures being based upon what is said above and upon the following 
rough generalizations: 

(1) Of the whole heat lost during combustion, one-quarter goes to 
the piston, and thence via the cylinder barrel to the cooling water. 
The piston supplies about one-third of the surface of the combus¬ 
tion space, in an engine of compression ratio 5:1, but to compensate 
for this, its surface temperature will be higher than that of the 
rest of the cylinder head unless it is provided with an independent 
cooling system. 

(2) The rate of loss of heat to the cylinder head per unit area during 
combustion is about 4 times the average rate during the rest of the 
expansion; the latter period being regarded as lasting from 20° 
to 150° after the dead centre, at which point the exhaust valve 
opens. The expansion period is therefore about 4 times as long as the 
combustion period. 

(3) The average exposed surface of cylinder barrel, during expansion 
and exhaust, is about equal to that of the cylinder head. 

(4) The average temperature difference between the gases and the 
cooled metal surfaces, during the expansion, is twice that during 
the exhaust period. 

As regards the subdivision of heat to the cooling water in this 
table, it should be noted that items (a) and (6) refer to the cylinder 
head only. The total loss to cylinder head and piston during com¬ 
bustion would be 5J per cent, in accordance with assumption (1) 
above. Furthermore, the heat passing to the piston reappears again 
as heat from the cylinder barrel in item (e). Items (a) and (6) are made 
equal in accordance with assumption (2). 

During the exhaust period the rate of heat loss has been taken as 
about half that during expansion, but the duration of the period is 
1*7 times that of expansion. This fixes items (c) and (/) as 0*85 tiines 
items (6) and (e) respectively. 

Item (e) is made up of a direct heat loss to the barrel from ihe 
working fluid of 4| per cent., about qqual to item (6) since the average 
exposed surface is the same, together with the heat loss to the piston, 
2| per cent., corresponding to thci losses ^o the cylinder head undm^ 
items (a) and (6). 

The total heat lost by the working fluid works out, from the figures 
augg^ted* aw3 per cent, during combustion, 9f per cent, during 
sipui ^nd 13J per cent, during the exhaust p^od, of which 4 per 
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is given up to the metal surfaces beyond the exhaust valve. It used 
to be thought that as much as 10 per cent, or more of the total heat 
supply was lost during combustion, but there can be little doubt that 
this was a gross overestimate. If anything, the proportion of heat 
allocated to the exhaust period in table 37 is an underestimate, and in 
order to preserve a logical proportion with the other periods when their 
relative duration and exposed surfaces are considered, about 6 per cent, 
during the combustion period is all that can be allowed. It will be 
noticed that in order to keep it as large as this in table 37 one has to 
assume a rate of heat loss per sq. foot 4 times as great as the average 
during the next 130° of crank revolution. This comparatively small 
heat loss during combustion fits in well with the margin found experi¬ 
mentally between the best observed thermal efficiencies and those 
calculated for the ideal engine with full allowance made for the pro¬ 
perties of the real working fluid. 

The subdivision of the heat supply into useful and harmful portions 
has so far been made only in relation to full throttle, and nearly full 
power, conditions. These are the important ones, for it is under these 
conditions that inability to deal with the harmful, or waste heat, portion, 
is likely to lead to breakdown. Many petrol engines, however, spend 
the greater part of their working life under throttled conditions, and 
it is useful therefore to examine how the heat distribution is affected 
at reduced loads. Fig. 53 on p. 185 showed how the thermal efficiency 
of an engine could be maintained practically constant while the engine 
was throttled, at constant speed, down to 40 per cent, of its full load 
torque, provided •that the ignition timing was suitably advanced to 
allow for dilution ^ with exhaust gas, and for the consequent slower 
burning. In fig. 87 the same curve of thermal efficiency is reproduced, 
this time as the percentage of the total heat which is converted to I.H.P., 
and there have been added also the two curves showing the percentages 
of the reduced heat supply under throttled conditions which may be 
expected tb pass ultimately to the cooling water and to the exhaust. 

The dotted curves indicate what might have been expected to happen 
if the ignition advance had not been adjusted as the throttle was closed. 
The heat to instead of romeining practically constant, falls off 

to 26 per cent, at 40 p^ cent, of full load. Heat to. the cooling water 
inoreasef^ from 36 to 38 per cent, owing to higher temperatures during 
the exhaust and later stages of expi^ion. And the waste heat to the 
exhaust increases from 32 to 38 per cent* 
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Fio. 87. Distnbution of heat in a petrol engine under different conditions of load, when 
varied by throttling Full lines, with optimum ignition timing. Dotted Imes, with 
Ignition fixed as for full throttle. 



Fia« S6, Pwtiibtttum bf Imt em affected by change of mixitire strength and eagpressed 
as a pcfoentage of the total heat supply. Speed, 1,(K)0 r.p.m. Compression ratfo, 0*45: !• 

Fudi petrol. 
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These and the other results given in this article, except those quoted 
jfrom Gibson’s paper, have all been based upon experiments in which 
the fuel-air ratio was that giving maximum economy. That is to say, 
the fuel-air ratio must have been about 10 per cent, weaker than the 



Fio. 89. Distribution of energy as affected by mixture strength and escpressed 
as actual energy quantities, for varying supplies of potential energy per hour in 

the fuel. 

mixture giving just complete combustion of both fuel and air. And 
it will be instructive, in conclusion, to examine how the heat distri¬ 
bution may be affected by a change of fuel-air ratio, and also by the 
fuel, if in its thermal properties it differs widely from an average petrol, 
as alcohol does. 

The effect of a change of fuel-air ratio is illustrated in fig. 88. The 
shape of the curve of heat to I.H.P. is edmilar to that of any 
curve of efficiency agiunst fisri-air ratio for a liquid fuel. It shows a 
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maximum at a point. 10 per cent, on the weak side of the correct mixture. 
Heat to the cooling water is in this diagram shown as a percentage of 
the increasing total heat supply, so that the point is not brought out 
that, as the fuel-air ratio increases, so too does the actual amount of 
heat to the cooMng water, up to the maximum power mixture, about 



Fxg« 90. Distribution of heat at diffexent fuel-air ratios, with alcohol 
as furi. The dotted curves give the distribution with petrol for oom> 
parison (same as fig. 88). Speed, 1,500 r.p.m. Compression ratio, 5*45:1. 

20 per omt. rich; for the rate of heat loss follows the changes of mean 
temperature of the gases throughout a cycle. The actual , heat Uf 
I.H.P. and to the cooling water per hour is drown in fig. 89, in wliioh 
tiiese quanidties ate plotted against total heat supply to the engine. 
It i&»dd be noted that this total heat supply is calculated from the 
total find ptesmit in the rich mixtures, and does not therefore repiesoDt 
a ntniiher pf'heat dnits actually developed withhi tibf eiishm. .Ihs 
iq^peaxQost curve in each of fi^. 88 and 89 shows the heat,: actual or 
prdentlsl, which is iwctied away to waste.the! exhatot. valve. 

^ dipwB What part of tUi waste ia 

he^ assumirig that Hw'lMat;'ahioh'''aaD:'W.'diivdiq^^ 
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cylinder reaches a maximum at the maximum power mixture strength. 
With richer mixtures there is a slight decline in the heat to the cooling 
water, owing to lower gas temperatures, and to direct cooling of the 
cylinder walls by evaporation of excess fuel. There is a corresponding 
increase in the heat to the exhaust. When employing a fuel like 
alcohol, the heat to the cooling water is noticeably less than with petrol 
at the same compression ratio, although the power output may be quite 
considerably greater; the effect being again due to lower gas tempera¬ 
tures and to direct cooling of the cylinder walls by fuel evaporation. 
The latent heat of evaporation of alcohol, at the correct mixture 
strength, would produce a drop of temperature in the induction system 
of about 112® C.,t as compared with C. for petrol, and in addition 
the maximum rise of temperature on combustion is about 100® C. less, 
so that the maximum flame temperature may be expected to be about 
166® C. lower t^an with petrol. This difference is reflected both in the 
higher efficiency and the lower heat loss to the jackets exhibited by 
alcohol, as shown in fig. 90, where the dotted curves for petrol, similar 
to those of fig. 88, ha\'e been added for comparison. 

t Alcohol with 2*5 per cent, of water. With 5 per cent, of water there would be a 
further 9° 0. drop. 



(282) 


Namt, 
Aluminium 
Antimony 
Axgcm 
AzMtiie \ 
Barium . 
Beryllium 
Bismuth . 
Boron 
Bromine . 
Cadmium 
Oaeaium . 
Galoium . 
Carbon 
Cerium 
Chlorine . 
Chromium 
Cobalt . 
Copper . 
Pyeprorium 
Brbium 
Europium 
Fluorine . 
Gadolinium 
Gallium . 
Germanium 
Gold 

TlWIfiiiim . 

Hriium . 
Holmium. 
Hydrogen 
Indium . 
Iodine 
Iridium . 
Iron • , 
Krypton . 

T lanthanum 
liead 

Lliliium . 

Lnteohim. 

Magnerium 

Ifanganeae 

Mercury , 

Molybdenum 

Heddymtum 

Keoa 

Nickel . 

Niobium . 

Nitrogen « 

OajrpHft . 


TABLE S8 
Atomic Weights 



Symba 

0-16 


A1 

26*97 


Sb 

121*77 


A 

39*91 


As 

74*96 


Ba 

137*87 


Be 

9*02 


Bi 

209*0 


B 

10*82 


Br 

79*916 


Cd 

112*41 


Cb 

132*81 


ca 

40*07 


C 

12*000 


Oe 

140*25 


a 

35*457 


Cr 

52*01 


Co 

58*94 


Cu 

63*57 


Dy 

162*52 


Er 

167*7 


£u 

152*0 


F 

19*00 


Gd 

157*26 


Ga 

69*72 


Ge 

72*60 


Au 

197*2 


Ha 

178*6 


He 

4*00 


Ho 

163*4 


H 

1*008 


In 

114*8 


I 

126*932 


Ir 

193*1 


Fe 

55*84 


Kr 

82*9 


La 

188*90 


Pb 

207*20 


li 

6*94 


La 

175*0 


Mg 

24*32 


Mn 

54*93 


Hg 

200*61 


Mb 

06*0 


Nd 

144*27 


Ne 

20*2 


Ni 

52^ 


Nm 

98*1 


N 

14^066 


Oa 

190*8 


. O 
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Atomic Wmgkia —continued 


'Name 



• 


Sumbdl 

0»;16 

PAUAdium 





Pd 

ioe*7 

PhoAt^nu 





P 

81-027 

PlAtinum. 





Pt 

196*28 

PotAABium 





K 

89*006 

PrAAAOdyinium . 





Pr 

140*92 

BAdium . 





Ra 

226*96 

RAdon 





Rn 

222*4 

Rhodium. 





Rh 

102*91 

Rubidium 





Bb 

86*44 

Ruthenium 





Ru 

101*7 

SAmarium 





Sa 

160*43 

ScAndium 





So 

46*10 

Selenium 





Be 

79*2 

SUioou 





Si 

28*06 

Sflver . 





Ag 

107*88 

Sodium . 





Na 

22*997 

Strontium 





Sr 

87*68 

Sulphur . 





8 

32*064 

TAntalum 





Ta 

181*6 

Tellurium 





Te 

127*6 

Terbium . 





Tb 

169*2 

Thallium 





Tl 

204*39 

Thorium . 





Th 

232*16 

Thulium . 





Tm 

169*4 

Tin 





Sn 

118*70 

Titanium. 





Ti 

48*1 

Tungsten. 





W 

184*0 

Uranium . 





U 

238*17 

Vanadium 





V 

50*96 

Xenon 





X 

130*2 

Ytterbium 





Yb 

173*0 

Yttrium . 





Yt 

88*9 

Zinc 





Zn 

66*38 

Ziroonium 





Zr 

91*3 








TABLE 39 
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(R) aie dsi0 to Hoboou. Laadolt-BdniBteiii-Roth-Scheel Tabellen are the source of much of the other basic data. 

t See of art. 25. 
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f See end of art. 25. 
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APPENDIX I 


To fbad the efficiency of an ideal cycle in which some heat is com¬ 
municated to the working substance at constant volume, and the rest 
at constant pressure* The cycle is that represented in fig* 5. 


Let 

Then we have 


p. 


= “ ^ = P | = r. 


l^noe 

Now 


heat supplied 2-3 = J*), 

»» »» 3—3* == Kp{T^> —2j), 

„ rejected 4-1 = R^(T^—Ti). 

K,(T^-T^) 


efficiency = 1- 




^-“ = 1 and K^^yK,. 

T, = TirV-\ 

li = JJae = Tiaary-\ 

r,. = T,P = 

Pa = ccprT-K 

After substituting yK^ for Xp, and replacing each temperature in the 
efficiency expression by its equivalent in terms of 7^, as given above, 
the equation for efficiency reduces to 


/ny-ir 1 

\r/ L(ot— l)+y«(^—1)J’ 


If jS 1 » V^), the cycle becomes the ordinary constant volume 

cycle of fig. 2, and the efficiency formula reduces to 

—r 

If CK« 1, we have a oyde wjth all combustion at constant pressure, but 
with the toe at the tight of tiie diagram in fig. 3 cut off. The efficiency 
fixmula becomes 

This mij^t ptand as the ideal cycle for the Diesel engine as it was 
fiiat {vaetioally developed, but for reasons gpven in Chapter II it Is 
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doubtful whether there is now any need for such a cycle. If anything 
more closely akin to the practical high-compression injection cycle is 
required than the plain constant volume cycle of fig. 2, then one should 
go straight to the composite cycle of fig. 5; for in any high-speed, high- 
efficiency engine it is probable that injection will have to start before 
the dead centre, and that a fair proportion of constant volume com¬ 
bustion must always take place. 



APPENDIX II 


The horse-power of an engine will be equal to 
(a constant) x (thermal efficiency) x 

X (fuel used per hour) x (calorific value of fuel). 

We may treat either gas or air as the fuel and equate the correspond¬ 
ing expressions for the horse-power; therefore, 
therm, efficy. referred to air 

., ^ 1 . j . gas used per hour cal. value of gas 

= therm, efficy. referred to gas x®.- , - X- , - , /. . • 

air used per hour cal. value of air 

Since the calorific value of air is taken as the heat per cubic ft. of air in 
the correct mixture, assumed to be 1:4, the calorific value of gas is 4 
times that of air. 

At any fraction x of the correct mixture, the ratio of gas to air per 


At this same mixture the thermal efficiency referred to gas 

= 0-473—0093x, 

since, when x = I the efficiency = 0-38. 

Hence at mixture x, thermal efficiency referred to air 

= (0-473—0 093a:)- . 

' 'l—0-2a: 


sn7.9 


pp 
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Adiabatic expansion, 13-18, 26-7, 271. 
Advance, ignition, 177, 184, 190. 

Air, calorific value of, 170. 

— composition of, 7. 

— specific heats of, 10, 68, 86. 

— consumption and thermal efficiency, 
170-4. 

— cycle, 18, 23. 178-82. 

— standard efficiency, 19-21. 

Alcock, 241. 

Alcohol, as a fuel, 65-6, 207, 247, 280. 

— efficiency obtainable with, 208. 

— latent heat of, 62. 

Aldehydes, 104--6. 

Anti knock quality, octane scale of, 250. 

— substances, 94-6. 

Aromatic series of hydrocarbons, 49, 
Avogadro, 6. 

Balance sheet, heat, 268, 271. 

Benzene, 60, 62-4, 68, 78, 93, 96, 98, 181, 
247, 249. 

Benzol, 61-3, 112. 

Blast furnace gas, 44-6. 

Boerlago, 58. 

Boiling-points, of hydrocarbons, 50. 
Bouncing pin, 263-4. 

Boyd, 103. 

Boyle's law, 6. 

BurstaU, Dr. A. F., 127-31, 135-8, 174, 
176, 189, 196, 196, 202, 242, 274. 

Callendar, Prof. H. L., 108, 284-5. 
Calorific values, 44, 60-3, 78, 171. 

Carbon disulphide, 98. 

— monoxide, 171, 177, 191. 

-Femiing's experiments, 194. 

— dioxide, 16, 34-6, 41-7, 64-75, 82. 
Carburetter, 137. 

— and Diesel engines compared, 116. 
Carnot, 1, 14. 

Cathode-ray indicator, 99, 232, 263. 
Cetene number, 58. 

Chain reactions, 109. 

Chemical composition, effect on combus¬ 
tion* 160, 166. 

Chemical equations, 41, 46, 63. 

Civil Engineers, Institution of, 201, 203. 
Oerk, Bir Dugald, 86, 201« 

Closed-vessel experiments, 81. 

Coat gas, 44-7, 54, 175, 186. 

Coke-oven gas, 44-5. 


Combustion, process of, 46, 47,96,116,118. 

— ‘delay period' in, 119. 

— data on, 79. 

— chamber efficiency, 172, 265. 

-auxiliary, 164. 

— influence of temperature on, 149. 

-of compression on, 139. 

-of mixture on, 133, 176, 186. 

-of turbulence on, 155, 267. 

Combustible mixtures, 63. 

Composite cycle, 24, 222. 

Compound expansion, 3. 

Compression-ignition engine, see Diesel 

engine. 

— machine, 120. 

— process of, 1.60. 

— pressures and temperatures, 140, 156. 

— ratio, 163. 

— temperature, 163. 

Cooling water, heat to, 268-9, 279-81. 
‘Correct* mixture, 29, 46, 63, 133. 
Cracking, of oil fuels, 57. 

Creosote, 60. 

Crude oil, 51. 

Cycles, engine, 17, 22, 34. 

Cyclohexane, 60. 

Cylinder-head design, 256. 

-heat loss to, 274. 

— wall temperature, 239, 280. 

‘Delay period*, 119,122-5, 131,152,156-7. 
Detonation, 90, 128, 206-7, 261. 

— as chemical problem, 103. 

— and mixture strength, 253. 

— and Octane Number scale, 250. 

— and residual exhaust gas, 212. 

— and thermal efficiency, 209. 

— methods of detecting, 254. 

Diagrams, indicator, 116-18,130-2,144-5, 

163-7. 

Dicksee, 60, 159, 166. 

Diesel engine, cycle of comparison, 22. 

-combustion in, 163-4, 166. 

-knock in, 158. 

-efficiency, 187, 214. 

-M.E.P.S and air eonsomed, 217. 

-limits of compression ratio, 220. 

Directed spray, 151, 156. 

Dissociation, 36, 65^, 138. 

Distillation, 51. 

— curve, aviation spirit, 51. 

-non-volktile fuel, 67. 
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Distribution, inequality of, 134, 170, 173. 
Dopes, 92-6, 111-14, 167. 

Drop size, importance of, 162. 

^Dumanois, 104. 

Edgar, Dr. Graham, 250. 

Efficiency, air standard, 19-23. 

— Carnot, 1. 

— combustion chamber, 172. 

— intrinsic, 172. 

— mechanical, 228. 

— thermal, 3, 18 -19, 169, 174-6. 

-refermd to air consumption, 170, 

200 . 

-limits of, 179, 184. 

-generalized treatment of, 190. 

-of Diesel engine, 214. 

-as affected by speed and cylinder 

size, 201. 

-as affected by fuel, 207. 

— — as affected by detonation, 209. 

-with hydrogen, 188. 

— volumetric, 236, 240. 

Egerton, A. C., 99, 104, 106, 108. 

End'gas, 99-100. 

Eneigy, of combustible mixture, 77, 140, 
178. 

— internal, of a gas, 12. 

-and tomperature relationship, 87-9. 

Ethyl fluid, 94, 112, 

Evaporation, latent heat of, 61-2, 236-40, 
281. 

Exliaust gas. 2, 27, 143, 182, 184, 212-14, 
241, 274. 

— valve, 127-8, 237, 270. 

Expansion, adiabatic and isothermal, 13. 

— ratio, 19, 21, 24-5. 

Fanning, R. W., 194. 

Flame, rate of travel, 83, 91, 125, 188. 
Fi'iction losses, 263. 

Fuel consumption per H.F., 169, 219, 
243-9. 

— gaseous, 43. 

— volatile liquid, 47. 

— wastage in multi-cylinder engines, 173. 
Fuel-air ratio, the ‘correct’, 47, 63, 133. 

•-and heat loss, 279. 

- — and H.U.C.R.. 263. 

-and power, 66, 77, 134-5, 

-and rate of burning, 130, 176. 

— —thermal efficiency, 174-9. 

Fuels, compared at H.U.C.It., 209-10. 

Gas, coal. Me Coat gas. 

— Constant, the rniversal, 6. | 


Gas fuels, 43. 

— the idea of a perfbet, 5. 

— Laws, 6, 10. 

Gibson, Prof. A. H., 269-70, 279. 

Clyde, 83, 125. 

Goodonough, Prof. G. A., 77. 

Gordon, K., 55. 

Governing, by ‘hit and miss’, 184. 

— by quality and quantity, 184. 

Heat balance-sheet, 268, 272. 

Heat loss, analysis of, 267. 

—' — beyond exhaust valve, 267-70, 274. 

-effect on thermal efficiency, 205-6, 

271-3. 

-to cooling water, 268-9, 276, 280. 

-to cylinder walls, 148. 

Heats of combustion, 41. 

Heavy oil engine, see Diesel engine. 
Helmore, 69. 

Heptane, 50, 63, 93. 

— and iso-octane scale, 250. 

Hopkinson, Prof. B., 30, 177. 

H.U.C.R., 92, 210, 252. 

Hydrocarbons, families of, 48. 

Hydrogen, 30, 41, 176, 188. 
Hydrogenation, 53, 54. 

Ideal cycles, 17. 

-approximation to real conditions, 22. 

Ignition delay, 69, 100, 169, 160. 

— timing, 92, 116, 122, 126, 144-5, 147, 
185, 235, 246. 

-and heat loss, 202, 277. 

Indicator, use of, 118, 229. 

— diagrams, 110-18, 130-2, 144-5, 153-7. 

— phasing of, 228. 

Initial combustion, temperature of, 98. 
Injection timing, 116, 153, 155. 

— temperature at the moment of, 115, 
156. 

Inlet valve, velocity of air through, 262. 
Internal energy, 10. 

-Joule’s law of, 11. 

Iron carbonyl, 95. 

Isomers, 93. 

Isothermal expansion, 14. 

Joule’s law, 11. 

Knock, in Diesel engines, 168. 

lAtont heat, 60, 137, 237-40, 280. 

Lead peroxide, 110. 

Le Mesurier, 160, 166. 

Liquid fuels, votatile, 47. 
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Liquid fuels, non-volatile, 56. 

Lovell, 103. 

Loss, heat, see Heat loss. 

— mechanical, 261. 

— pumping, 237, 261-7. 

Lost pressure, causes of, 82. 

Lubricating oil, effect on detonation. 111. 

Mardles, Dr. E. W. J.. 98. 

Maximum power, fuel-air ratio for, 66. 

— pressures, 38, 144-5. 

-in Diesel engines, 116-16, 166-7, 

217-19. 

— temperatures, 37-9, 66-78. 

Mechanical losses, analysis of, 261. ^ 

--determination of, 228. 

Metallic dopes, 95, 110. 

Methane, 44. 285. 

Midgley and Loyd, 94, 254. 

Mixture, coirnlete combustion, or ‘cor¬ 
rect’, 29, 63, 109, 134. 

^ strength, 134-9, 174-9, 238. 

Mol., the 7, 34, 42, 46. 

Moore, H., 97. 

Motoring losses, 228, 261. 

‘n’ and y, relationship of, 13. 

— numerical values to be taken for, 26-33. 
Naphthene series of hydrocarbons, 48. 
Natural gas, 44-5. 

Nickel carbonyl, 96. 

Nitrogen peroxide, 107. 

Noise cuid vibration, in C.I. engines, 161. 
Nuclear drops, 107. 

Nuclei of combustion, 119, 121, 126, 153, 
158, 257. 

Octane Numbers, scale of, 260. 

Oil gas, 43-5. 

— lubricating. 111, 228, 261. 

Olefine series of hydrocarbons, 48. 

Organic compounds, anti-knock values of, 

96. no. 

Paraffin, 48, 93. 

— series of hydrocarbons, 48-50, 93-4. 
Perfect gas, 5. 

Peroxide, 104. 

Petrol, 48-53. 

— synthetic, 53. 

Piston friction, 271. 

— heat loss to, 276-7. 

Plu^, see Sparidttg plug; 

Power, as affected by detonation, 210. 

^ conitancy on rich petrol-air miactuies, 
77, 138, 171, 238, 248. 


Power and speed curves, 234. 
Pound-molecule, the, see Mol. 
Pre-combustion chamber, 151. 
Pre-ignition, 91. 

Pressure rise, rate of, 116-18,123-4,146-7, 
149, 258, 260. 

Pressure-volume chcuiges, representation 
of, 12. 

I Producer gas, 44-5. 

Products of combustion, 41-3, 47, 64-5. 

- , calculation of, 65. 

Pumping loss, 237, 261. 

Quality governing, 184. 

Radial : r, 270-1. 

Radiation, heat loss by, 148, 273. 
Rassweiler, 96. 101, 103. 

Rate of burning, 83, 91, 124-5, 129-33, 
144r-50, 153-6, 188. 

‘Rating* of heavy oil fuels, 58. 
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Residual exhaust gas, 27, 39, 140, 144, 
182, 184, 212, 241. 

Ricardo, H. R., 92, 104, 119, 123-4, 149, 
161, 163, 172, 187, 207. 213. 216-17, 
252, 258. 

Rich petrol-air mixtures, maximum tem¬ 
peratures with, 64; 75. 

-power output with, 66, 77, 138, 

171. 

Ring compounds, 48. 

Rough running, 148, 154-6, 159, 255-8, 
260. 

Self-ignition temperature, 98, 157. 

Size of cylinder, and efficiency, 201. 
Sparking-plug, 91, 126-9. 

Specific heat, see Volumetric heat. 

Speed, engine, and rate of combustion, 
124-5. 

-and efficiency, 201, 204-7. 

-and power curves, 234. 

Spontaneous ignition temperature, 59, 
97,159C 
Stabilizers, 53. 

Steam plants, 2. 

Standaid cycles of comparison, 17-22. 

— fuels, 251. 

Stansfield, 160, 163, 165. 

Stratified chwi^, 183, 187-8. 

Suetkm temperature, 37,142. 

Surface-vt^uine ratio, 149, 201, 203. 
Swann, 86. 

Swirl, organized air, 32, 151, 165, 256, 
260. 
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Ssntnbols and units, list of, xvi. 

Synthetic petrol, 53. 

Taylor, E. S., 231. 

Taylor, H. B., 216-17. 

Temperature, at beginning and end of 
compression, 37, 115, 140-3, 150, 156. 

— effect on combustion, 101, 149. 

— limits of, in steam and internal com¬ 
bustion engines, 2. 

— maximum, 38-9, 67-78. 

— of exhaust gas, 2, 142, 241. 

— of indrawn mixture, 62, 143, 149. 

— of self-ignition, 98, 156. 

Testing, the aims of, 227-9. 

— for H.U.C.R., 252. 

— of fuels, 92, 207-10, 250. 

Thermal efficiency, 3, 18-19, 169, 174-6. 
Thomycroft, 104. 

Throttled conditions, effects of, 126,185- 6, 
266, 277. 

Time of combustion, 124,129-33,144-5,149. 

— of ignition, see Ignition timing. 

Ti25ard, H. T., 28. 29, 65, 98, 101, 180. 
Turbulence, 30, 31, 83, 124, 151, 160, 162, 

205, 266-61, 273. 

Turbulent head, Bicardo, 259. 


Ubbelohde, 104. 

Units and symbols, list of, xvi. 
Unsaturated hydrocarbons, 49. 

Valve overlap, 242. 

Valve timing, 27, 33, 233, 242. 

Valves. 233, 237, 256-7, 260, 266, 270. 

— gas velocity through, 237. 

Volatility, of hydrocarbon fuels, 48-61. 

— in Diesel fuels, 57-8, 159, 162. 

Volume ratio on combustion, 40, 47, 77- 

81. 

Volumetric efficiency, 27, 137, 142, 236- 
43, 247. 

-as affected by fuel, 238. 

Volumetric heat, 8, 15-16, 28-9, 39-40, 
81-6, 133, 176, 178, 180, 189. 

-experimental values of, 85-9. 

Weak mixtures, 126, 129-36. 

j-efficiency with, 176-9, 182-3,186-90. 

j-heat loss with, 179, 270, 277-80. 

-ignition timing for, 129-32, 190. 

Wimperis, H. E., xiv. 

Withrow, Lovell, and Boyd, 83, 96, 101, 
103, 125. 

I Working substance (or fluid), the, 4. 






